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ABSTRACT
With an emphasis on assessment of reproducibility and precision of
results, the technique of Mossbauer spectroscopy is applied to three
groups of materials with increasing structural complexity: simple
mineral standards, multivalent and multisite ferruginous micas, and
multisite silicate glasses. In order to study the underlying accuracy of
Mossbauer measurements of minerals, two mineral standards (a grunerite
and an almandine/andradite garnet mix) were selected. Precision of the
technique was measured through five different sets of experiments seeking
to analyze the reproducibility of measurements on a single sample mount,
on several identical mounts of the same sample, and on a set of mounts
with different sample concentrations, run times, and background counts.
The two mineral standards were analyzed by other scientists at six
different laboratories; their data were also fit by the M.I.T.
curve-fitting program. The standard deviation of multiple measurements
on the M.I.T. apparatus is better than 0.016 mm/sec for isomer shift,
0.060 mm/sec or better for quadrupole splitting, and 1.02% on individual
peak area data. The standard deviation of interlaboratory measurements
on the same minerals is slightly better because only ideal run conditions
were used: 0.006 mm/sec for isomer shift, 0.023 mm/sec for quadrupole
splitting, and 1.44% on individual peak area data. Probable errors on
different aliquots of the same sample are approximately +0.02 mm/sec for
isomer shift and quadrupole splitting, and +1.5% on area data for
well-resolved peaks.
In contrast to the simplicity of the mineral standards, the
multisite, multivalent structure of the trioctahedral micas presents a
formidable challenge to the application of techniques for obtaining
reproducible results. To establish a firm basis for evaluation of new
results, over fifty studies on Mossbauer spectroscopy of trioctahedral
micas are summarized and reviewed. New measurements were made on a suite
of seventeen ferruginous samples from a range of compositions and
parageneses. Characteristic spectra include doublets with the following
parameters: Fe2+ cis-M2, isomer shift (6) = 1.13, quadrupole splitting
(A) = 2.58 mm/sec; FeL + trans-M1, 6 = 1.12 and 1.16, A = 2.05 and 2.75
mm/sec ; Fe3 + M2, 6 = 0.40, = 0.55 mm/sec; Fe Ml, 6 = 0.40, A = 1.00
mm/sec; and Fetet 3 +, 6 = 0.20, A = 0.50 mm/sec. The effects of
substitution are assessed and found to be minimal, although OH, F, and Cl
(which are not easily analyzed or frequently reported) substitutions may
have more of an effect. The Mossbauer and compositional data considered
together show that the FeMg_ 1 and Tschermak substitutions are most
common, that tetrahedral AlFe_ 13 + may be controlled by octahedral cation
size, and that M2/M1 cation ordering is ubiquitous. Effects of sample
preparation on Mossbauer spectra are also discussed.
Finally, the technique of Mossbauer spectroscopy is applied to the
structures of complicated silicate glasses. An overview of past work on
iron-bearing glasses is presented, covering both geological and ceramic
research on Fe-bearing borate, phosphate, and silicate glasses. Studies
of multi-component synthetic compositions are reviewed in terms of the
effects of each separate cation on Fe3+/Fe 2+ ratios and iron site
occupancies. In the context of past work, new results on synthetic lunar
and natural terrestrial glass compositions are presented. Compositions
analogous to lunar green, orange, and brown glasses were synthesized
under consistent conditions, then quenched into a variety of different
media when the samples were removed from the furnace. Iron valence and
coordination are a direct function of quench media used, spanning the
range from brine/ice (most effective quench), water, butyl phthalate,
silicone oil, liquid nitrogen, highly reducing CO-CO2  as, to air (least
effective quench). In the green and brown glasses, Fej+ in four- and
six-fold coordination is observed in the slowest-quenched samples; Fe2+
coordination varies directly with quench efficiency. Different quench
rates are found to yield glass structures that are markedly different
with respect to iron atom site occupation and charge.
The effect of quenching method on Fe3+/Fe 2+ ratios in three
silicate glasses was also studied using natural rock compositions
(U.S.G.S. rock standards basalt BCR-1 and rhyolite RGM-1 and an andesite
K-2B from Dennison Volcano, Alaska). Samples were equilibrated at high
temperatures and then quenched into an air jet, an H2-Ar jet, or a
brine/ice bath. The glasses were analyzed by both Mossbauer spectroscopy
and a micro-colorimetric technique to compare the results from these
commonly-used methods for ferrous-ferric iron determination. Both of
these methods obtain Fe3+ estimates by difference (for low Fe3+ samples),
resulting in relatively large uncertainties (3-5% for Mossbauer
spectroscopy and 8% for colorimetry). Within these uncertainties,
estimates of Fe3+/Fe 2+ ratios determined by Mossbauer spectroscopy and
colorimetry are the same.
The technique of Mossbauer spectroscopy can be successfully applied
to the range of materials studied. However, the underlying, limiting
precision of the technique must always be considered when drawing
conclusions from Mossbauer results on the structures of materials.
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PREFACE
This thesis is a compilation of several manuscripts which are
published, in press, and/or about to be submitted to journals. As such,
there is little transition between chapters in the formal sense.
Hovever, the whole thesis is intimately interconnected because each of
its parts presents an increasingly complicated utilization of the
technique of Mossbauer spectroscopy: the study of its reproducibility,
its application to a complex silicate (mica), and its use in evaluating
complicated glass structure. A few
experimental technique and apparatus
references are infrequently repeated
and 7 overlap in their discussion of
glass" composition. Such duplicatio
each chapter/paper was conceived as
within chapters (especially 6 and 7)
tried to eliminate all the duplicati
The format of this thesis made
redundancies were unavoidable:
are similar throughout, and
in different chapters. Chapters 6
measurements on the "Apollo 15 green
ns were left in the thesis because
a self-contained entity. Continuity
would be greatly disturbed if I
ons.
it complicated to cite references
between chapters. As a simplification, published chapters are referred
to as "Dyar (1984)" instead of "Chapter 2;" after all, the published
paper came first. Chapters 1, 3, 4, 8, and 9 are cited as chapters since
they are not yet published.
The following chapters are reprinted with permission (and minor
modifications) from the journals listed:
Chapter 2:
Precision and interlaboratory reproducibility of measurements
of the Mossbauer effect in minerals, American Mineralogist, 69,
1127-1144, 1984.
Chapter 5:
A review of Mossbauer data on inorganic glasses: The effects
of composition on iron valency and coordination, American
Mineralogist, 70, 304-316, 1985.
Chapter 6:
Quench media effects on iron partitioning and ordering in
a lunar glass, Journal of Non-Crystalline Solids, 67, 397-412, 1984.
Chapter 7:
Experimental methods for quenching sturctures in lunar-analog
silicate melts: Variations as a function of quench media and
composition, Journal of Geophysical Research, 89, C233-C239, 1984.
SECTION I
CHAPTER 1
Introduction
It has been twenty-seven years since Rudolph Mossbauer first
published his studies on the phenomenon of the resonant absorption of
gamma rays (Mossbauer, 1958); since then his technique has been applied
to the study of a range of materials from moon rocks to complex organic
molecules. As is often the case, however, with rapidly-evolving
technology, applications of the Mossbauer effect have outgrown somewhat
our knowledge of its limitations. Scientists were so eager to embrace
the new method that the practical limitations of the technique were not
considered. The work in this thesis is directed toward experimentalists
such as myself, who need to be humbled by a reminder of the actual
precision of Mossbauer spectroscopy, and then elevated by the ideas which
can come from its most elaborate applications.
The following work begins with the results of a five-year study on
the precision and interlaboratory reproducibility of Mossbauer
measurements of a simple mineral standard (Chapter 2). This work
describes the basic characteristics of a Mossbauer apparatus, and
discusses the atomic level phenomena which give rise to the parameters
determined by a typical experiment. Results of extensive repeated
measurements on a single grunerite standard are presented, followed by a
collection of data from six other laboratories around the world, where
colleagues graciously consented to run a grunerite and a second standard,
an andradite-almandine garnet mixture. The outcome of this research was
to suggest optimal experimental conditions which can produce the best
possible results, while at the same time noting that even superior data
are limited by the precision of the Mossbauer technique. These
conclusions are applied to the remaining chapters of the thesis.
Armed with newly-gained confidence in the precision of the technique
and of the M.I.T. spectrometer/fitting procedure, it became possible to
approach the work in Section II (Chapters 3 and 4), which discusses one
well-used (and abused) application of Mossbauer spectroscopy to a
specific mineral group: the trioctahedral micas. Homogeneous,
multisite, multivalent micas represent a major challenge to the
resolution of the Mossbauer technique in crystalline materials. In
Chapter 3, over fifty earlier studies of mica spectra are reviewed;
ranges for likely Mossbauer parameters are ascertained from the
literature for each of the five possible Fe sites in the mica structure.
Chapter 4 presents new results on seventeen samples analyzed within the
last two years; it demonstrates the consistency of spectra run on a
single spectrometer using a single fitting program. This section shows
that complicated, ten-peak fits can be performed reasonably on high
quality Mossbauer spectra if several samples are run (to ensure
consistency) and the ranges of parameters are well known.
The first two sections of the thesis demonstrate that precise,
reproducible results can be obtained from Mossbauer spectra of simple
mineral standards and of the complicated micas. A further
diversification of the technique is represented in the final section
(III, Chapters 5, 6, 7 and 8), which analyzes a multiphase, multivalent
non-crystalline system: silicate glasses. The search for cation
coordination and site occupancies in glasses is one of the least
understood (and most controversial) applications of Mossbauer
spectroscopy. Glass spectra represent perhaps the greatest challenge to
the curve-fitting algorithms which are used to help interpret Mossbauer
data. Because glasses are non-crystalline, sites are less ordered and
21
occur in a much larger range of symmetries. The multiplicity of sites
for Fe cations to occupy makes for a more complicated spectrum; a
Gaussian component must often be added to the (typically) Lorentzian
curve shape to accomodate the broader profile.
Section IlIon glass spectra, therefore, begins with a review of
data from the literature. The knowledge thus gained of typical ranges
for Mossbauer parameters is applied to two groups of new measurements on
lunar-analog and typical terrestrial glasses. One of the most exciting
outcomes of the glass research is the discovery that Fe cations undergo
dramatic changes in coordination and valence as a function of quenching.
The work in this thesis illustrates that the technique of Mossbauer
spectroscopy can yield consistent results, as demonstrated by its
application to simple standards, and complicated crystalline and
non-crystalline silicates. I am hopeful that the next twenty-five years
of Mossbauer spectroscopy will see better lreans of standardization,
increased awareness of its limitations (and less abuse of its data) and
application of its unique analytical capabilities to new and different
problems. The work in this thesis represents a preliminary step toward
attainment of these goals.
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CHAPTER 2
Precision and Interlaboratory
of the Mossbauer
Reproducibility of Measurements
Effect in Minerals
Published in: The American Mineralogist, 69, 1127-1144, 1984.
Abstract
Although the technique of Mossbauer spectroscopy is now twenty-six
years old and widely used, little empirical work has been done to
determine its accuracy in measurements on minerals. To solve this
deficiency, two mineral standards (a grunerite and an almandine/andradite
garnet mix) have been selected. Precision of the technique was measured
through five different sets of experiments seeking to analyze the
reproducibility of measurements on a single sample mount, on several
identical mounts of the same sample, and on a set of mounts with
different sample concentrations, run times, and background counts. The
two mineral standards were analyzed by other scientists at six different
laboratories; their data were also fit by the MIT program. The standard
deviation of multiple measurements on the MIT apparatus is better than
0.016 mm/sec for isomer shift, 0.060 mm/sec or better for quadrupole
splitting, and 1.02% on individual peak area data. The standard
deviation of interlaboratory measurements on the same minerals is
slightly better because only ideal run conditions were used:
0.006 mm/sec for isomer shift, 0.023 mm/sec for quadrupole splitting, and
1.44% on individual peak area data. Probable errors on different
aliquots of the same sample are approximately +0.02 mm/sec for isomer
shift and quadrupole splittings, and ±1.5% on area data for well-resolved
peaks.
Introduction
Since 1967, over 814 papers have been published in geological
literature which apply the Mossbauer effect in 57Fe to interpretations of
mineral crystal chemistry (Figure 1). Numerous other papers have made
reference to Mossbauer measurements for Fe3+/Fe 2+ determinations or
structural Fe site occupancy information, to the extent that the
technique has become one of the many commonly used analytical tools
available to the geochemist.
However, the technique of Mossbauer spectroscopy is still relatively
young; Rudolph Mossbauer published his first papers only 27 years ago
(Mossbauer, 1958). In the first 10-15 years after Mossbauer's discovery,
Mossbauer spectrometers were literally home-built in chemistry, physics,
and mineralogy laboratories around the world, with a wide array of
geometries, standards, and electronic configurations. Because the
experimental apparatus and methodology for Mossbauer work were customized
for each lab, there was little consistency in the type of source used or
the method by which spectral data were processed. By the 1970's,
commercial Mossbauer apparatus became widely available, but many workers
continued to maintain and update their original equipment. Today each
Mossbauer laboratory has its own distinctive experimental apparatus,
computing facility, and philosophy for recording, measuring, and
reporting its results (for example, Mitrofanov et al., 1977; Graham
et al., 1977; LeFever, 1979; and Fultz and Morris, 1978).
Over the years there have been some attempts to standardize the type
of calibration procedures (Herber, 1971) and the method of reporting
results (Zuckerman et al., 1972); these have been received with varying
degrees of success. The predominant trend has been for each lab (and
Figure 1. Publications with MOSSBAUER as a keyword from the Georef
Database, search performed August, 1982.
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subsequent generations of graduate students and colleagues) to develop
its own philosophy on optimization of experimental technique and
curve-fitting. A few attempts at interlaboratory standardization (e.g.
Minai and Tominaga, 1982) or comparison of Fe3+/Fe 2+ ratios against wet
chemistry (Whipple, 1973 and 1974; Bancroft et al., 1977) have given
inconsistent results, although agreement between different Mossbauer labs
is consistently better than between Mossbauer and wet chemical labs.
Fortunately, several workers in the field have devoted great effort
toward a statistical evaluation of the technique. The literature
prescribes the optimal sample concentration and thickness (Hafemeister
and Shera, 1966; Ure and Flinn 1971; Shenoy et al., 1974), the relative
merits of fitting techniques (Lin and Preston, 1974), methodology for
quantitative site population estimates (Bancroft, 1967; 1969/1970), and
even a unique criterion for evaluating Mossbauer curve fits (Ruby, 1973).
Both Law (1973) and Dollase (1975) have given thorough, excellent reviews
of the statistical limitations of the technique.
However, the practical problems of the technique have rarely been
published. While it may be useful to know the optimal iron concentration
for a Mossbauer experiment, it is perhaps far more important to the
worker with, say, a limited quantity of lunar sample to know how far he
can deviate from from the ideal value and still have worthwhile results.
Is it really necessary to weigh all samples out carefully? A similar
problem involves the duration of the experiment. In these days of
careful cost monitoring, what is the minimum length of run-time for which
optimal results can be obtained? Finally, it may sometimes become
necessary to compare or tabulate the Mossbauer results of Lab A with Lab
B. How valid are such comparisons?
Five years and 94 Mossbauer spectra ago, this study was undertaken
to resolve these many questions. The results reported here represent
empirical guidelines for Mossbauer spectroscopy labs based on
experimental, not theoretical, calculations. Data on two minerals
designated as standards are tabulated for each of seven Mossbauer labs
which ran them. The conclusions reached here represent a realistic
overview of the state of the art of mineralogical applications of
Mossbauer spectroscopy.
Background
Since the subject of statistical limitations of Mossbauer
spectroscopy has been covered elsewhere in great detail, a replicate
discussion will be passed over. There are a number of books and articles
which give a general background on the theory and applications of the
Mossbauer effect; a partial list might include Fluck, 1967; Wertheim,
1967; Spijkerman, 1968; Greenwood, 1970; Greenwood and Gibb, 1971;
Bancroft, 1973; and Marfunin, 1979. Two handbooks from the Mossbauer
Effect Data Center (Stevens et al., 1983a, b) give thorough summaries of
both data and references on mineralogical studies. However, for the
presentation of experimental results which follows, it is useful to
review briefly the major parameters by which Mossbauer spectra are
evaluated:
Isomer Shift, 6, (also called as chemical shift in some papers)
arises from the difference in s-electron density at the nuclei of the
radioactive source and the absorbing iron nuclei in the sample or
absorber (Figure 2). For example, Fe57 in Pd (formed by electron capture
from 57Co) emitting nuclear gamma rays to Fe57 in a Pd absorber gives
rise to zero isomer shift. But when Fe57 is in a distinct chemical
environment from that of the emitter, the resultant difference of
Figure 2. Graphical representation of Mossbauer parameters, shown
on an energy level diagram and a typical (in this case, olivine)
spectrum.
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s-electron density at the nucleus produces a finite 6. Isomer shift is
affected by oxidation state, coordination number, spin state of iron
atoms, and ligand-type coordinated to iron cations, and may be augmented
by a second order Doppler shift, which is temperature dependent. Since
isomer shift depends heavily on a calibration standard, it is often
deceptive to compare values from various published papers. In this
paper, all values will be cited with respect to the mid-point of the
metallic a-iron foil spectrum, by applying the following adjustments to
the values reported for alternative standards, as suggested by the
Mossbauer Effect Data Center (Gettys and Stevens, 1981): Cr, -0.154;
sodium nitroprusside (Na2 [Fe(CN) 5 NO)].2H2 0), -0.26; stainless steel,
-0.09; Rh, +0.106; Pd, +0.177; and Cu, +0.225 (figures quoted for isomer
shift values in mm/sec relative to a-Fe).
Quadrupole Splitting, A, arises from an electric field gradient
(EFG) at the nucleus, which produces two or more energy levels when
nuclear charge distributions are non-spherical (i.e., I>1). Both
electronic structure of the Fe atom and the arrangement of the ligands
around it contribute to the EFG. Asymmetry of the (localized) electronic
configuration dominates the symmetry of the ligand environment, such that
any departures from "perfect" cubic symmetry will cause the absorbing ion
to experience a different electronic environment, which changes the
quadrupole splitting (see Figure 2). Q.S. also depends on iron valency,
spin state and relative site occupancy; Figure 3 shows a plot of I.S. vs.
Q.S. for common minerals. Note that these data are for oxygen
environments only; non-oxygen environments, such as sulfides, tend to
follow similar trends with somewhat different parameters.
Figure 3. Plot of isomer shift versus quadrupole splitting for
common minerals, based on commonly accepted values (Roger Burns, personal
communication).
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The Linewidth, r, of a Mossbauer line is generally taken to be the
sum of the natural source and absorber linewidths; experimentally, this
is the full width at half peak height of the Mossbauer peak. It can be
defined theoretically as the linewidth arising from the Heisenburg
Uncertainty Principle:
th . In2
ro --------
t1/2
where t is the time, h is h/2x h is Planck's constant, and t1/2 is the
half life of the excited nuclear level. In a Mossbauer experiment the
natural linewidth observable can be defined as:
2ch . In2
Wo ---------
Ey t1/2
where Ey is the energy of the gamma ray emitted during a nuclear
transition, and c is the speed of light. (Stevens, 1981a). For 5 7Fe the
theoretical value of ro, as calculated from "lifetime data," is 0.1940(3)
mm/sec (Stevens, 19810).
The best Mossbauer source materials are those which emit a
monochromatic line with a width close to the theoretical value and have a
substantial recoil free fraction; 57Co in Pt (r = 0.22 mm/sec) and Pd and
Rh (both have P = 0.23 mm/sec) are commonly used. The linewidth of a
metallic iron spectrum when measured with such sources gives a "lower
limit" for experimentally-determined linewidths of approximately
0.24 mm/sec; the added width between theory and experiment is probably
due to nearest neighbor interactions and defects, residual mechanical
vibrations, and the "cosine smearing effect" (Spijkerman et al., 1965)
which can broaden and shift the line. In crystalline silicates, which
come close to the lower limit, Fe2+ peaks range from 0.27-0.28 mm/sec,
while Fe3+ peaks (0.28-0.35 mm/sec) are often slightly broader (Bancroft,
1973).
Deviations from these values may result from several causes: next-
nearest neighbor effects, electronic relaxation (Morup and Both, 1975),
thickness distortion (Ruby, 1973), and multiple, superposed peaks
(Whipple, 1981).
It is also instructive to review the statistical parameters commonly
used to evaluate Mossbauer fits. Chi-squared (x2 ) is generally defined
as
1 N YC(I) - YD(1)
Chi-squared = 2  ----- (--------
N - n I=1 VYD( 1 )
where N is the number of points to be fitted, n is the number of
parameters to be fitted (N-n is sometimes referred to as the number of
degrees of freedom), YC(I) are the calculated values for the curve, and
YD(I) are the data points. The optimum value for X2 is one, or one times
the number of degrees of freedom as presented here. x 2 can be said to
represent the likelihood that the calculated curve represents the data
within its errors (note the /YD(I) term in the expression, which
approximates the standard deviation of each point). However, good values
of x2 can be very misleading because they may represent fits with large
error bars on the data. To get around this problem, a statistical
parameter was needed which had the capability to normalize the data with
respect to the number of counts in the experiment. The parameter of
Misfit was derived by Ruby (1973) to provide a comparative
goodness-of-fit criterion which could evaluate different spectra
irrespective of the magnitude of their baselines. Misfit is defined by
two other criteria:
N YC(I) - YD(1)
Distance, D = (------- )2 - 1]
1=1 JYD(1)
which is the distance between the calculated and the experimental results
(discrepancy of the fit); and
N (YO(I) - YD( 1)
Signal, S = [(-------------)2 - 1]
I=1 /YD( 1 )
which measures the difference between the experimental data YD(I) and the
baseline YO. Misfit, defined as the ratio D/S, is optimal when it is
close to zero; i.e., a Misfit value close to zero is essentially the same
as a chi-squared close to one.
Misfit is an extremely useful parameter in Mossbauer experiments
because it is sensitive to more than the magnitude of the baseline. The
numerator, D, is similar to X2 in that it deals with the difference
between the calculated curve and the experimental results. However, the
denominator, S, is a reflection of (and directly proportional to) the
duration and counting rate of the experiment, the number of channels over
which a peak is observed, and the square of the observed effect. These
characteristics enable the experimenter who calculates Misfit to separate
the effects of pure counting statistics (like x2) from the actual
experimental errors of the experiment (which will be discussed at
length). Derivations and further information (including several
examples) on Misfit use can be found in Ruby's original paper (1973).
For the purposes of this study it is also useful to describe some
of the basic statistical terms which will be used to compare
different results. Geologists are well acquainted with the term mean,
which can be defined as an arithmetic average or the sum of all the
observations divided by the number of observations. It is usually
represented by the symbol TX.
Variance and its square root, the standard deviation, should be only
slightly less familiar terms. Although geologists are probably more
accustomed to thinking of errors in the '+ or -" sense, this terminology
is not useful for making comparisons between variances of different
parameters because it gives no indication of the spread of values within
that range. Because the variance gives an averaged squared deviation
from the mean, it can be used more effectively for comparisons; its
square root, the standard deviation, is even more useful because it is in
the units of the measurements of the data.
In this study, the sample variance, s2, is computed using
n
S X2 - n 2
i=1 i
s2 =-
n-1
where Xi is the observation, X is the sample mean, and n is the number of
observations. Standard deviation, or s, is defined as the square root of
s2 . Note that there is a difference between s (standard deviation of a
sample) and a (standard deviation of a whole population) which is
affected by the number of samples used to define the standard deviation.
Groups of data having the largest s or s2 values will have the greatest
spread among the values of the different measurements. A complete
explanation can be found in statistics texts (e.g., Spiegel, 1961; Davis,
1973; or Taylor, 1982).
Finally, for completeness it is useful to briefly describe a typical
experimental set-up, as shown in Figure 4. The source of nuclear gamma
rays (commonly 5 7Co in a Pd or Rh matrix for Fe Mossbauer spectroscopy)
is attached to an oscillator (or to both ends of an oscillator, as
pictured). The Doppler velocity of the source is varied by (generally) a
linear motor; commonly used "constant acceleration" drives sweep linearly
Figure 4. Schematic of a typical Mossbauer apparatus, showing gamma
rays generated by the source mounted on the oscillator, passing through
the sample, and being detected, gated, processed, and finally stored in a
multichannel analyzer. Data may then be processed by computer.
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through a range of velocities from negative (as the source moves away
from the spectrometer) to positive speeds. The resultant velocity/time
profile has a characteristic zig-zag pattern.
The recoil-free gamma rays which are emitted from the source span an
array of energies of 14.4 KeV + 0.0001 (Stevens, 1981b). They pass
through the sample, where they may be absorbed by 57Fe isotopes having
comparable nuclear energy level separations. Some of the gamma rays pass
unabsorbed (depending on sample thickness and density) through the
sample, to be registered on a detector. The pulses recorded by the
detector pass through a pre-amplifier, linear amplifier, and a linear
gate (or single channel analyzer) to select the 14.4 KeV energy range.
Counts are stored as they are received in each channel in turn of a 256,
512, or 1024 channel (common increments) multi-channel analyzer. The
isomer shift zero is standardized (usually) against the midpoint of an
iron foil spectrum; the known positions of the iron foil peaks are used
to determine the velocity gradient.
Data are accumulated in the multi-channel analyzer for a time period
depending on source activity and the relative Fe concentration versus the
bulk weight of specimen. Other calibration standards, such as sodium
nitroprusside (Na2[Fe(CN)5NO].2H20) or stainless steel, are sometimes
used when a high degree of precision over a smaller velocity range is
desired. Each standard has a distinctive isomer shift relative to
metallic iron; simple corrections can be used to make comparisons between
experiments using different standards. Run time varies from hours to
days depending on the judgment of the experimenter. Data in counts per
channel (i.e. finite velocity increment) are then transferred to the
computer and processed by any one of a number of curve fitting and/or
deconvolution programs, ranging in complexity from simple triangle
fitting programs to such complex programs as the Gauss non-linear
regression algorithm of Stone et al. (1971).
Experimental Method
This study is divided into two parts: intra- and interlaboratory
comparisons. The intralaboratory work was aimed at determining the
optimum run characteristics for the experimental apparatus in the
Mossbauer Spectroscopy Lab at MIT. Once these were defined, the same
grunerite sample was run ten times under identical conditions to test
precision, and ten aliquots of the same sample were run to test for
homogeneity of this standard mineral.
The interlaboratory work was performed voluntarily at seven
different labs from twelve chosen randomly. Participants, institutions,
and spectrometers are listed in Table 1. Dr. Wayne Dollase generously
ran one of the standards three times with different run durations to test
his spectrometer for electronic stability.
Two mineral standards were selected to be used for this study.
Standard "R" is a quartz-grunerite schist from the Luce Lake area,
Labrador City, Canada. This well-studied sample (Klein, 1964; Klein and
Waldbaum, 1967; Bancroft et al., 1967) was the most iron-rich (95.3%
Fe2+) grunerite that I could obtain; it is an especially advantageous
standard because of its high iron content (44.99 wt.% FeO), homogeneity,
the simplicity of its spectrum, and the presence of well-resolved peaks.
Wet chemical analyses performed at the Smithsonian Institution,
Washington D. C. (R. F. Fudali, personal communication) show that this
sample has less than 0.1% Fe203, which should not be detectible by the
Table 1. Participants Institutions,
Comparison
Wayne A. Dollase
Department of Earth and Space Science
University of California, Los Angeles
Los Angeles, CA 90024 USA
Roger G. Burns
Department of Earth,
Atmospheric and Planetary Sciences
Massachusetts Institute of Technology
Cambridge, MA 02139 USA
Frank E. Huggins
U.S. Steel Research, MS #98
125 Jamison Lane
Monroeville, PA 15146 USA
Friedrich A. Seifert
Mineralogisches Institut
Kiel University
Olshausenstr. 40, 2300 Kiel
West Germany
Enver Murad
Lehrstuhl fur Bodenkunde
Technische Universitat Munchen
D-8050 Freising-Weihenstephan
West Germany
Georg Amthauer
University of Marburg
Institute of Mineralogy
Lahnberge, 3550 Marburg
West Germany
Catherine McCammon*
Research School of Earth Sciences
Autralian National University
P.O. Box 4
Canberra ACT 2600
Australia
and Spectrometers in Interlaboratory
homemade, Kankelite-type,
constant acceleration
Austin Science Associates
constant acceleration
Nuclear Data ND660
programmable multichannel
analyzer with in-house-built
drive
Elscint MVT20 Drive with
Canberra Series 40 MCA
Wissel /Halder
self-made, Halder drive
electro-mechanical Doppler
velocity generator, constant
acceleration MCA, Halder
Electronics, Munich counter,
amplifier, power supply: Urtec
homemade, driven by PDP 11/10
minicomputer, drive signal,
linear ramp, and flyback
* Spectra were run by Dr. S. J. Campbell, Department of Solid State
Physics, Research School of Physical Sciences
Note: Each participant was randomly assigned a number, ranging from 1-7.
To respect the confidentiality of the participants, all references
from here on will be to numbers which do not correspond to the
order of the list above.
Mossbauer effect. The bulk sample was ground by hand under acetone in an
agate mortar, a few grains of magnetite were removed with a hand magnet,
and about 90% of the quartz was removed from the grunerite by use of a
Franz magnetic separator. Approximately 10% (by volume) quartz and trace
amounts of magnetite remained in the batch of standard "R" distributed
for interlaboratory comparison.
Standard "A" is a mechanical mixture of two garnets. This mixture
was chosen to simulate typical bulk rock Mossbauer measurements, which
are commonly performed to determine whole-rock Fe3+/Fe 2+ ratios on
samples containing more than one mineral. Andradite crystals were
hand-picked from Harvard University sample 87373 from Val Malenco, Italy;
almandine crystals from Fort Wrangle, Alaska were selected from the MIT
Teaching Collection. Each garnet was ground by hand, under acetone, and
then weighed into individual aliquot vials in the proportion wt. %
Feand/wt. % Feal m = 0.185. Participants were asked to use all of the
standard material provided or to take their sampling from a
well-homogenized mixture.
Natural mineral standards were chosen in spite of impurities and
slight structural defects in order to make the study geochemically (or
mineralogically) relevant. Compositions are given in Table 2, and
typical fitted Mossbauer spectra are shown in Figures 5 and 6.
Aliquots of each of the two standards were sent to all participants.
The format of the accompanying questionnaire was:
GENERAL INFORMATION SHEET
[Fill this out once for your facility]
Institution where spectrometer is located:
Name and address of person filing this report:
Table 2. Compositions of Mineral Standards
Standard "R"
Grunerite*
Almandine
Si 02
Ti 02
A1203
FeO
MnO
Mg 0
CaO
Na20
K20
49.01
0.05
0.00
44.99
0.37
3.17
0.31
0.04
0.00
Cr203
F2
H20+
H20-
TOTAL:
37.13
0.06
21.60
31.86
2.37
5.44
1.60
0.01
1.00
1.28
0.31
0.10
100.63 100.07
Standard "A"
Garnet Mix**
Andradite
35.29
0.00
0.03
27.74
0.01
0.26
32.93
0.03
96.29
* from Klein, 1964, p. 966. Microprobe analysis was performed by
Jun Ito, Dept. of Geological Sciences, Harvard University. Fe is
reported as FeO.
** Garnets were crushed by mortar and pestle and weighed into garnet mix
"A" in the proportion wt. % Feandradite/wt. % Fealmandine = 0.185.
Microprobe analyses of the garnets were made by Karen Kimball on the
MIT Dept. of Earth Atmospheric, and Planetary Sciences Microprobe.
Fe is reported as FeO.
~C~ _I __
Figure 5. Fitted Mossbauer spectrum of standard "A", a mixture of
almandine and andradite garnet.
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Figure 6. Fitted Mossbauer spectrum of standard "R", an iron-rich
grunerite amphibole, which was used as both an intra- and interlaboratory
standard.
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Description of mounting procedure (type of holder, mounting medium,
amount of sample, volume of holder, etc.):
Average length of run time:
Source matrix (57Co in Pd, Rh, etc.):
Source strength (millicuries):
Distance from sample to source:
Type of spectrometer:
Year purchased:
Number of channels stored for each spectrum:
Calibrations with respect to:
Computer used for processing:
Name of program used for fitting:
Source Program:
Year written/obtained:
Author:
Curve shape used:
RUN SHEET
[Fill out one of these for each run, or just send us your computer
printout]
Sample number:
Temperature:
Number of constraints in final fit:
Type of constraints (list):
Baseline:
Shape of baseline:
Amount of distortion:
Peak Parameters
Peak # Center Halfwidth Area % Gaussian Height % area
Positions in mm/sec (if above is interm of channel numbers)
Peak Center Halfwidth
Mossbauer Data
Peaks IS QS
1-4
2-3
STATISTICS (where applicable)
Misfit:
Chi-squared:
# degrees of freedom:
The MIT results were calibrated using the midpoint and peak
positions of a 6 micrometer thick a-Fe foil, 99.99% purity, as supplied
by New England Nuclear and as specified by the Numerical Data Advisory
Board of the National Research Council (1971). Most recent values of
peak positions for the innermost four lines of the Fe foil spectrum were
reported by the Mossbauer Effect Data Center: -3.0760, -0.8397, 0.8397,
and 3.0760 mm/sec (John G. Stevens, personal communication, 1984).
Dr. Stevens also pointed out that these values do not depend heavily on
the absolute purity of the a-Fe foil used for calibration; if there is
impurity (usually in the form of C) in the foil, it will produce another
set of six very weak lines in the spectrum which will not affect the a-Fe
lines. Four hour (500,000 count) calibrations of the spectrometer were
carried out once every thirty days, with mineral measurements performed
back-to-back in the interim periods. Neglible variation in the position
of zero velocity or the velocity gradient of the spectrometer was
observed over the thirty day period.
Participants at other laboratories were requested to use simlar a-Fe
foils for calibration to ensure consistent results. Their individual
procedures for calibration were not surveyed; however, subsequent
communications have revealed that some labs may not have used the most
current Fe peak positions (as given above), possibly causing slight
deviations in their results.
Results
Work Done at MIT
The original aim of this study was to reassess the precision of the
Mossbauer technique on a state-of-the-art spectrometer at MIT by using a
natural mineral standard. This was pursued through five different sets
of experiments, seeking to analyze the reproducibility of measurements on
a single sample mount, on several identical mounts of the same sample,
and on a set of mounts with different sample concentrations, run times,
and background counts. Considerable effort was made to approach the
analyses in an unbiased fashion; the following results are presented in
the order in which they were determined.
Effects of sample concentration were first studied by running a
series of different Fe concentration mounts for identical 24 hour
periods, with no control over the number of baseline counts (Table 3).
Although a statistical "good fit" was attained for the 20 mg Fe/cm 2
sample, the predominating trend, as seen in Figures 7a and 7b, was for
the best statistics and gamma ray absorbance to occur at a concentration
of 5-7 mg Fe/cm 2 , at around 2.5 million baseline counts.
This conclusion was further tested by holding the number of baseline
Table 3. 24 Hours. Counts and Concentration Varying
Number Baseline counts Total Fe onc.
hours . per channel (Mg/cm ) Peak Positions (m/sec) Widths at Half Peak Height (l/sec)
1 2 3 1 2 3 4
24 1661501 40 -0.302 0.308 1.928 2.603 0.332 0.416 0.277 0.313
24.3 1775161 30 -0.310 0.300 1.933 2.619 0.346 0.428 0.297 0.327
24.75 2661504 20 -0.302 0.308 1.928 2.603 0.332 0.416 0.277 0.313
26.5 2716282 15 -0.279 0.343 1.931 2.605 0.312 0.402 0.264 0.294
26 3728779 7 -0.280 0.349 1.922 2.602 0.287 0.382 0.243 0.279
26.25 3785614 5 -0.273 0.353 1.938 2.607 0.294 0.394 0.259 0.280
26 4208489 3.5 -0.275 0.352 1.928 2.606 0.292 0.381 0.244 0.285
25.5 4529096 2.5 -0.280 0.355 1.927 2.605 0.292 0.384 0.254 0.291
26 5369985 1 -0.278 0.358 1.933 2.609 0.278 0.405 0.282 0.285
Variance 0.0002 0.0006 0.0000 0.0000 0.0006 0.0003 0.0003 0.0003
Standard Deviation 0.0140 0.0236 0.0046 0.0053 0.0241 0.0169 0.0183 0.0172
Mean -0.2866 0.3362 1.9298 2.6066 0.3072 0.4009 0.2663 0.2963
Table 3. 24 Hours, Counts and Concentration Varying (CONTINUED)
Isomer Shift Quadrupole %
% Areas (mm/sec) Splitting Transmitted x2  Misfit
(nm/sec)
1 2 3 4 1-4 2-3 1-4 2-3
32.27 24.47 14.46 28.80 1.151 1.118 2.905 1.620 93.91 759 0.00101
33.24 23.29 14.24 29.23 1.155 1.117 2.929 1.633 92.29 989 0.00111
32.26 24.48 14.46 28.80 1.151 1.118 2.905 1.620 90.96 471 -0.00026
35.34 24.19 12.89 27.58 1.163 1.137 2.884 1.588 - 875 0.00068
35.30 23.93 12.21 28.56 1.161 1.136 2.882 1.573 94.72 780 0.00090
35.00 24.08 12.68 28.24 1.167 1.146 2.880 1.585 97.02 553 0.00047
35.01 23.45 11.99 29.56 1.166 1.140 2.881 1.576 97.53 472 -0.00054
36.21 24.07 12.12 27.59 1.163 1.141 2.885 1.572 97.96 402 -0.00272
32.46 26.94 12.25 28.35 1.166 1.146 2.887 1.575 99.20 340 -0.02199
2.4034 1.1274 1.0439 0.4500 0.0000 0.0001 0.0003 0.0006
1.5503 1.0618 1.0217 0.6708 0.0064 0.0122 0.0165 0.0240
34.1211 24.3222 13.0111 28.5233 1.1603 1.1332 2.8931 1.5936
Figure 7. Plot of number of counts versus % transmission (a) and
sample concentration versus Misfit (b) for grunerite runs with T = 24
hours.
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counts constant at 1 million, and allowing time and sample concentration
to vary. Results are presented in Table 4. As can be seen in Figures 8a
and 8b, the optimal concentration necessary to make x2 approach 509 and
Misfit approach 0 falls at the concentration of 7 mg Fe/cm 2.
Effects of run duration and number of background counts on the
statistical parameters of the fits were tested after the optimum iron
concentration (7 mg Fe/cm 2) had been determined. Time and the number of
baseline counts were allowed to vary (Table 5). Results shown in
Figures 9a and 9b amply demonstrate that short run times (based on a
gamma ray flux strong enough to supply about 100,000 background
counts/hour) give the most desirable values for X2 (close to 509) and
Misfit (close to 0). This conclusion can be explained by the effects of
small instrumental problems, such as the cosine smearing factor
(Spijkerman et al., 1965), baseline inconstancies, source problems,
non-linear drives, etc., for which Misfit was designed to be sensitive.
As will be discussed later, these problems are not unique to the MIT
apparatus.
Reproducibility of replicate analyses on a single mount was tested
once the optimum run characteristics had been determined (Table 6). Peak
positions vary from their respective means by up to +0.02 mm/sec; widths
vary ±0.02 mm/sec and areas of individual peaks are within +1.6%.
However, isomer shifts are reproducible to within +0.012 mm/sec, and
quadrupole splittings are generally good to +0.016 mm/sec. These figures
can be regarded as a realistic lower limit on the experimental
reproducibility of the Mossbauer apparatus, as influenced by the MIT
lab's electronic stability and computer fitting procedures.
A test of the homogeneity of the standard was undertaken to examine
Table 4. 1 Million Counts, Time and Concentration Varying
Number Baseline counts Total Fe conc.
hours per channel (mg/cm 2) Peak Positions (nm/sec) Widths at Half Peak Height (mm/sec)
1 2 3 4 1 2 3 4
18 1145444 40 -0.251 0.315 1.849 2.556 0.360 0.325 0.305 0.341
16.5 1198750 30 -0.234 0.335 1.832 2.529 0.335 0.313 0.266 0.327
10.5 1101536 20 -0.242 0.337 1.863 2.550 0.325 0.310 0.259 0.308
9.75 1116850 15 -0.237 0.339 1.848 2.536 0.309 0.295 0.258 0.294
8.5 1072936 10 -0.229 0.346 1.847 2.530 0.308 0.290 0.257 0.295
7.5 1073238 7 -0.180 0.385 1.875 2.566 0.316 0.320 0.256 0.313
6.67 1042950 5 -0.242 0.321 1.856 2.547 0.282 0.311 0.250 0.304
6.5 1036633 3.5 -0.223 0.340 1.840 2.529 0.279 0.332 0.257 0.295
7.0 1123864 2.5 -0.232 0.330 1.842 2.533 0.298 0.311 0.254 0.295
6.8 1104674 1 -0.267 0.291 1.878 2.581 0.248 0.309 0.277 0.291
Variance 0.0005 0.0006 0.0002 0.0003 0.0010 0.0002 0.0003 0.0003
Standard Deviation 0.0226 0.0241 0.0150 0.0177 0.0316 0.0126 0.0162 0.0165
Mean 0.2337 0.3339 1.8530 2.5457 0.3060 0.3116 0.2639 0.3063
Table 4. 1 Million Counts, Time and Concentration Varying (CONTINUED)
Isomer Shift Quadrupole %
% Areas (mm/sec) Splitting Transmitted x2  Misfit
(m/sec)
1 2 3 4 1-4 2-3 1-4 2-3
34.83
35.70
36.62
38.22
39.26
38.18
36.47
35.55
38.57
31.49
5.2366
2.2884
19.15
18.60
18.63
18.36
17.86
18.44
18.85
20.43
18.66
21.28
1.0796
1.0390
15.39
14.13
13.77
13.72
13.11
12.61
13.08
12.59
12.63
13.69
0.7582
0.8708
30.63
31.56
30.98
29.70
29.76
30.76
31.60
31.43
30.14
33.54
1.2744
1.1289
1.153
1.148
1.154
1.150
1.151
1.193
1.153
1.153
1.151
1.157
0.0002
0.0131
1.082
1.084
1.100
1.094
1.097
1.130
1.089
1.090
1.086
1.085
0.0002
0.0140
2.807
2.763
2.792
2.773
2.759
2.746
2.789
2.752
2.765
2.848
0.0009
0.0308
1.534
1.497
1.526
1.509
1.501
1.490
1.535
1.500
1.512
1.587
0.0008
0.0285
93.23
91.53
90.59
91.91
93.80
94.87
96.57
97.31
97.38
98.83
0.00084
0.00086
0.00058
0.00054
0.00032
0.00008
-0.00332
-0.00592
-0.00737
-0.04891
36.4890 19.0260 13.4720 31.0100 1.1563 1.0937 2.7794 1.5191
36.4890 19.0260 13.4720 31.0100 1.1563 1.0937 2.7794 1.5191
Table 5. 7mg Fe/cm2 with Time Varying
Number Baseline counts Total Fe conc.
hours per channel (mg/cm2 ) Peak Positions (mm/sec) Widths at Half Peak Height (mm/sec)
1 2 3 4 2 3 4
3 293152 7 -0.265 0.283 1.836 2.553 0.303 0.277 0.306 0.295
7 663667 7 -0.253 0.289 1.820 2.532 0.301 0.285 0.285 0.301
10 897661 7 -0.243 0.297 1.840 2.553 0.294 0.275 0.275 0.294
12 1075768 7 -0.244 0.298 1.845 2.545 0.296 0.267 0.267 0.296
15 1540192 7 -0.262 0.286 1.846 2.554 0.293 0.271 0.271 0.293
18 1820108 7 -0.254 0.295 1.842 2.553 0.296 0.279 0.279 0.296
21 1986456 7 -0.268 0.281 1.840 2.545 0.298 0.277 0.277 0.298
24 2455543 7 -0.261 0.281 1.837 2.547 0.301 0.278 0.278 0.301
28 2749269 7 -0.263 0.285 1.838 2.555 0.299 0.276 0.276 0.299
33 3356315 7 -0.264 0.281 1.838 2.549 0.295 0.280 0.271 0.307
39 3888139 7 -0.255 0.287 1.831 2.539 0.296 0.272 0.272 0.296
48 4627081 7 -0.257 0.285 1.835 2.544 0.296 0.279 0.279 0.296
60 5971105 7 -0.257 0.292 1.830 2.535 0.298 0.292 0.276 0.307
Variance 0.0001 0.0000 0.0000 0.0001 0.0000 0.0000 0.0001 0.0000
Standard Deviation 0.0077 0.0061 0.0069 0.0073 0.0030 0.0063 0.0096 0.0045
Mean -0.2574 0.2877 1.8368 2.5465 0.2974 0.2775 0.2778 0.2984
Table 5. 7mg Fe/cm2 with Time Varying (CONTINUED)
Isomer Shift Quadrupole %
% Areas (mm/sec) Splitting Transmitted X2 Misfit
(M/sec)
1 2 3 4 1-4 2-3 1-4 2-3
38.08
37.20
37.73
37.96
37.97
37.36
37.58
37.79
37.66
37.41
37.58
37.31
37.07
0.0974
0.3120
37.5923
16.71
17.27
17.08
16.46
16.76
16.90
16.93
16.59
16.69
16.77
16.76
16.89
17.36
0.0655
0.2559
16.8592
14.36
14.00
13.82
13.84
13.89
14.08
13.83
13.86
14.02
13.75
14.00
14.24
13.77
0.0338
0.1838
13.9585
30.85
31.53
31.37
31.75
31.38
31.66
31.66
31.76
31.63
32.08
31.65
31.56
31.80
0.0832
0.2885
31.5908
1.144
1.140
1.155
1.150
1.146
1.150
1.139
1.143
1.146
1.143
1.142
1.144
1.139
0.0000
0.0047
1.1447
1.060
1.055
1.069
1.071
1.066
1.068
1.061
1.059
1.061
1.060
1.059
1.060
1.061
0.0000
0.0047
1.0623
2.818
2.785
2.796
2.789
2.816
2.807
2.813
2.808
2.819
2.813
2.794
2.801
2.792
0.0001
0.0117
2.8039
1.553
1.531
1.544
1.547
1.561
1.547
1.559
1.556
1.553
1.557
1.544
1.550
1.538
0.0001
0.0087
1.5492
92.72
93.46
92.92
92.76
93.40
93.50
93.45
93.60
93.47
93.53
93.51
93.56
93.55
-0.00034
-0.00008
0.00023
0.00022
0.00043
0.00026
0.00017
0.00064
0.00036
0.00055
0.00060
0.00043
0.00057
Table 6. Repeated Runs of Same Sample, Same Mount
Number Baseline counts Total Fe conc.
hours per channel (mg/cm2) Peak Positions (nm/sec) Widths at Half Peak Height (mm/sec)
1 2 3 4 1 2 3 4
12 1155249 7 -0.269 0.279 1.840 2.544 0.307 0.301 0.295 0.316
12 1145712 7 -0.270 0.276 1.853 2.551 0.295 0.289 0.277 0.305
12 1090119 7 -0.266 0.278 1.835 2.534 0.301 0.295 0.284 0.312
12 1075779 7 -0.244 0.297 1.844 2.544 0.289 0.278 0.255 0.304
12 1138450 7 -0.266 0.278 1.828 2.531 0.292 0.280 0.267 0.307
12 1091482 7 -0.264 0.285 1.828 2.538 0.293 0.286 0.273 0.302
12 1068833 7 -0.267 0.277 1.827 2.537 0.284 0.294 0.272 0.302
12 960189 7 -0.264 0.278 1.832 2.544 0.292 0.323 0.273 0.317
12 949604 7 -0.262 0.286 1.837 2.547 0.283 0.320 0.263 0.318
12 985877 7 -0.259 0.287 1.833 2.549 0.289 0.293 0.279 0.303
Variance 0.0001 0.0000 0.0001 0.0000 0.0001 0.0002 0.0001 0.0000
Standard Deviation 0.0074 0.0066 0.0082 0.0065 0.0073 0.0152 0.0111 0.0065
Mean -0.2631 0.2821 1.8357 2.5419 0.2925 0.2959 0.2738 0.3086
Table 6. Repeated Runs of Same Sample, Same Mount (CONTINUED)
Isomer Shift Quadrupole %
% Areas (mm/sec) Splitting Transmitted X2 Misfit
(m/sec)
1 2 3 4 1-4 2-3 1-4 2-3
13.90
13.93
13.82
13.40
13.63
13.56
13.49
13.34
13.15
13.77
0.0668
0.2584
31.74
31.55
31.86
32.31
32.17
32.03
32.18
32.22
32.41
32.00
0.0713
0.2670
13.5990 32.0470
1.138
1.141
1.134
1.150
1.133
1.137
1.135
1.140
1.143
1.145
0.0000
0.0053
1.060
1.065
1.057
1.071
1.053
1.057
1.052
1.055
1.062
1.060
0.0000
0.0057
2.813
2.821
2.800
2.788
2.797
2.802
2.804
2.808
2.809
2.808
0.0001
0.0090
1.561
1.577
1.557
1.547
1.550
1.543
1.550
1.554
1.551
1.546
0.0001
0.0098
1.1396 1.0592 2.8050 1.5536
36.92
37.18
37.15
37.34
37.10
37.03
36.28
35.36
34.99
36.00
0.6972
0.8350
36.5350
17.43
17.33
17.18
16.95
17.09
17.37
18.04
19.07
19.44
18.23
0.7440
0.8626
17.8130
88.71
91.78
93.39
92.76
93.36
90.99
93.46
93.85
93.81
93.57
0.00028
0.00023
-0.00003
0.00011
0.00001
0.00013
0.00015
0.00061
0.00025
0.00064
Figure 8. Plot of sample concentration versus x2 (a) and versus
Misfit (b) for grunerite runs with one million baseline counts.
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Figure 9. Plot of time versus x2 (a) and versus Misfit (b) for
grunerite runs where the sample concentration was held constant at 7 mg
Fe/cm2 .
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the suitability of the grunerite for interlaboratory calibrations.
Results are shown in Table 7. Reproducibilities are ±0.028 mm/sec for
peak positions, ±0.08 mm/sec for widths, ±2.0% for areas of individual
peaks, ±0.026 mm/sec for isomer shift, and ±0.11 mm/sec for quadrupole
splittings. Although the statistical variance in the Mossbauer
parameters of the different aliquots is at least twice that of
measurements on the same sample (Table 8), their means are almost
identical, and the grunerite was deemed suitable for a standard.
Interlaboratory Comparison
Seven laboratories ran the two mineral standards which were
circulated. Each lab had its own distinctive method of sample
preparation (Table 9); all were careful to weigh out the appropriate
amount of sample to be used. Run characteristics (Table 10) were fairly
consistent throughout. As anticipated, each group had its own
distinctive fitting procedure (Table 11).
Results of the Mossbauer experiments are shown in Tables 12 and 13.
Comparison of variances between the MIT experiments and the corresponding
values from different laboratories for standard "R" shows some
interesting trends (see Table 8). For peak positions, widths, isomer
shifts, and quadrupole splittings, there is only slightly more variance
between labs than there is on the MIT apparatus alone. However, there is
considerably less variance in peak area throughout the MIT experiments,
especially when the "Different Laboratory" data set is compared against
the most similar MIT data set, "7 mg Fe/cm2 with Time Varying." This is
probably because the MIT data are all fit with identical curve shapes.
To test this hypothesis, raw spectral data were collected from the
different labs. Spectra were entered by hand into the MIT computer, to
Table 7. 10 Aliquots of the Same Sample; Identical Run Conditions
Number Baseline counts Total Fe conc.
hours per channel (mg/cm2 ) Peak Positions (mm/sec) Widths at Half Peak Height (mm/sec)
1 2 3 4 1 2 3 4
12 1063038 7 -0.256 0.296 1.885 2.615 0.303 0.307 0.294 0.328
12 1054196 7 -0.250 0.289 1.855 2.573 0.228 0.429 0.449 0.247
12 962361 7 -0.249 0.288 1.846 2.569 0.296 0.273 0.283 0.313
12 996971 7 -0.269 0.284 1.878 2.616 0.308 0.296 0.299 0.328
12 980563 7 -0.270 0.279 1.864 2.602 0.308 0.292 0.298 0.334
12 756641 7 -0.285 0.274 1.911 2.651 0.301 0.308 0.298 0.332
12 1046152 7 -0.270 0.278 1.892 2.639 0.309 0.315 0.306 0.338
12 859754 7 -0.257 0.300 1.906 2.650 0.321 0.363 0.328 0.383
12 890532 7 -0.225 0.313 1.811 2.522 0.306 0.297 0.283 0.351
12 1075779 7 -0.244 0.297 1.844 2.544 0.289 0.278 0.255 0.304
Variance 0.0003 0.0001 0.0010 0.0020 0.0015 0.0022 0.0032 0.0012
Standard Deviation 0.0169 0.0119 0.0312 0.0447 0.0391 0.0468 0.0563 0.0350
Mean -0.2575 0.2898 1.8692 2.5981 0.3050 0.3158 0.3193 0.3258
Table 7. 10 Aliquots of the Same Sample; Identical Run Conditions (CONTINUED)
Isomer Shift Quadrupole %
% Areas (mm/sec) Splitting Transmitted 12 Misfit
(m/sec)
1 2 3 4 1-4 2-3 1-4 2-3
34.88 17.46 14.43 33.22 1.180 1.091 2.871 1.589 94.42 506 -0.00003
35.39 16.06 13.70 34.84 1.162 1.072 2.823 1.566 94.68 641 0.00133
36.26 15.99 14.90 32.85 1.160 1.067 2.818 1.558 93.93 474 -0.00033
35.15 16.40 14.67 33.78 1.174 1.081 2.885 1.594 94.63 536 0.00027
34.48 16.91 14.98 33.63 1.166 1.072 2.872 1.585 95.47 495 -0.00022
34.40 18.02 14.15 33.42 1.183 1.093 2.936 1.637 94.61 430 -0.00112
33.49 17.58 14.90 34.03 1.185 1.085 2.909 1.614 95.42 517 0.00010
32.95 19.18 14.00 33.87 1.197 1.103 2.907 1.606 96.10 501 -0.00019
34.69 17.07 13.34 34.90 1.149 1.062 2.747 1.498 95.21 507 -0.00004
37.34 16.95 13.40 32.31 1.150 1.071 2.788 1.547 92.76 528 0.00011
1.5963 0.9285 0.3903 0.6500 0.0003 0.0002 0.0036 0.0015
1.2634 0.9636 0.6247 0.8062 0.0158 0.0131 0.0598 0.0393
34.9030 17.1620 14.2470 33.6850 1.1706 1.0797 2.8556 1.5794
Table 8. Standard Deviations of Mossbauer Parameters* for Standard "R"
Position Width Area I.S. I.S. Q.S. Q.S.
Peak 1 Peak 2 Peak 3 1-4 2-3 1-4 2-3
Repeated Runs, Same Sample, Same Mount 0.0074 0.0152 0.2584 0.0053 0.0057 0.0090 0.0098
Identical Run Conditions, Different Samples 0.0169 0.0468 0.6247 0.0158 0.0131 0.0598 0.0393
7mg Fe/cm with Time Varying 0.0077 0.0063 0.1838 0.0047 0.0047 0.0117 0.0087
24 Hour Runs, Counts and Concentration Varying 0.0140 0.0169 1.0217 0.0064 0.0122 0.0165 0.0240
1 Million Counts, Time and Concentration Varying 0.0226 0.0120 0.8708 0.0131 0.0140 0.0308 0.0285
Different Laboratories 0.0142 0.0241 1.1459 0.0058 0.0057 0.0225 0.0109
Different Laboratories, Same Fitting Program 
- - 0.9564 0.0060 0.0100 0.0144 0.0126
Note that values for all the different parameters cannot be directly compared, because standard deviation is in the units of the original
measurement (mm/sec for all but area, which is given in %).
Table 9. Methods of Sample Preparation
1. Pellets pressed between aluminum foil, with volume adjustable (3-5 mg
Fe/cm 2); sample diameter approximately 1/2 inch.
2. At 0' rotation, sample in plastic compression holder with 1.5 cm
diameter sample hole; sample diluted in ~50 mg of cubic boron nitride:
17 mg "R", 20 mg "A". At 54.7' rotation, samples dispersed in lucite
(78 mg "R", 110 mg "A" to 1000 mg lucite) in disks of 3.2 cm diameter.
3. Buehler transoptic powder (200 mg) used as mounting medium; 18.6 mg
"R", 26.7 mg "A", in lead or aluminum 1.3 cm2 sample holder.
4. Samples ground in agate mortar and mixed with sugar, mounted in 2 cm2
cylindrical plexiglass holders with quantities adjusted to concentrations
of 3 mg Fe/cm 2.
5. Samples mixed with warm vaseline in polyethylene "cap" (a flat,
circular disk of -1" diameter x 3/16" height). Sample density of 0.16 mg
57Fe/cm 2 for "R" and "A".
6. Samples ground with sugar and acetone and mounted in 5 mm thick
plexiglass holders with 1" diameter holes for sample. Sample held in
place by clear cello tape. Concentrations adjusted to 7-10 mg Fe/cm2.
7. Sample mixed with boron nitride powder, mounted between two mylar
disks (average thickness 0.12 mm) and mounted in brass sample holder.
Area of sample = 1.43 cm2 , thickness of sample (excluding mylar
disks) = 0.60 mm; 24.69 mg "R": 131.32 mg BN; 30.40 mg "A" = 124.33 mg
BN used.
Table 10. Run Characteristics*
Lab Number 1 2 3 4 5 6 7
Average run time, in hours 10-16 8-23 48 48 44 8 20-24
Source matrix Rh Pd Rh Rh Pd Rh Rh
Source strength, in mCi 20 -100 20 30 15 100 35
Distance from sample to source, in cm 20 9 -11** 15 7 20 10 3
# channels 1024 512 1024 1024 256 512 256 or 512
* All results were calibrated with respect to metallic iron.
** Distances from detector to source were given as 13.5-19 cm.
Table 11. Fitting Procedures Used*
1. MOSSFIT program, obtained in 1974 from Geophysical Laboratory,
Washington, DC. Runs on PDP 11 computer using Lorentzian line shapes.
2. AMOSS program, originally from Carnegie-Mellon University (P. Flynn
et al.), extensively modified for use by surveyed institution. Runs on
LSI-11 or PDP-11/34A with 28K memory, fitting 100% Lorentzian line
shapes.
3. MOESFIT program, obtained from B. J. Evans, Ann Arbor, in 1978,
modified by Runge in 1978 and by Nagel in 1982. Runs on Telefunken TR
440 computer, fitting Lorentzian curve shapes.
4. NORMOS program (based on MOSFIT, Argonne National Laboratory with
subroutines written in the Physics Department of the surveyed
institution), written in 1978 by G. Shenoy, B. Dunlap, F. E. Wagner, and
W. Koch. Runs on CDC Cyber 175 using Lorentzian line shapes.
5. MOSFIT program written by the survey participant in 1970. Runs on
IBM 3033, using a Gaussian-broadened Lorentzian curve shape.
6. STONE program written by A. J. Stone in 1970, modified for PDP-11/34
computer by K. Parkin and users at the surveyed institution. Uses
Lorentzian line shapes.
7. DCPFIT program written in 1975 by D. C. Price. Runs on Univac
1100/82 computer fitting pseudo-Lorentzian line shapes.
* Further information on the various fitting routines is available from
this author; to preserve confidentiality referenced papers are not
cited here.
Table 12. Mossbauer Data on Sample R (All unconstrained Fits)
Temp. Baseline counts
Lab No. (*K) per channel Peak Positions (mm/sec) Widths at Half Peak Height (vm/sec)
1 2 3 4 1 2 3 4
1 300 374600 -0.233 0.308 1.853 2.564 0.281 0.285 0.273 0.299
2 295 3847859 -0.236 0.289 1.841 2.551 0.265 0.237 0.247 0.284
2 295 3491639 -0.240 0.297 1.836 2.552 0.261 0.245 0.253 0.283
3 295 1365000 -0.239 0.303 1.848 2.559 0.266 0.269 0.251 0.291
4 295 1141242 -0.248 0.295 1.833 2.549 0.296 0.322 0.325 0.318
5 297 4072459(402) -0.205(10) 0.321(10) 1.836(8) 2.530(5) 0.299(5) 0.281(5) 0.272(5) 0.321(5)
6 298 1075779 -0.244 0.297 1.844 2.544 0.289 0.278 0.255 0.304
7 298 746459 -0.243 0.302 1.836 2.545 0.304 0.276 0.228 0.286
7 298 2350842 -0.241 0.302 1.846 2.558 0.300 0.267 0.262 0.275
7 298 362213 -0.241 0.301 1.835 2.545 0.305 0.276 0.231 0.280
7 298 1160999 -0.240 0.302 1.844 2.560 0.305 0.269 0.258 0.272
Variance* 0.0002 0.0001 0.0000 0.0001 0.0003 0.0006 0.0008 0.0003
Standard Deviation 0.0142 0.0096 0.0070 0.0109 0.0160 0.0241 0.0276 0.0164
Mean -0.2354 0.3027 1.8418 2.5499 0.2854 0.2783 0.2674 0.2992
2 77 4040139 -0.287 0.414 1.962 2.833 0.280 0.268 0.249 0.305
* All statistics were computed using one value (averaged, if necessary) from each lab.
Table 12. (continued)
Quadrupole Degrees of
Lab No. % Area (or Xeff) Isomer Shift Splitting Misfit X2 Freedom
(mm/sec) (m/sec)
1 2 3 4 1-4 2-3 1-4 2-3
1 35.65 16.81 13.31 34.22 1.166 1.080 2.797 1.545 0.014 523.5 487
2 35.4 13.5 14.0 37.1 1.158(1) 1.069(1) 2.787(1) 1.544(2) 0.086±0.006 1336 487
2 37.6 15.2 12.6 34.5 1.156(1) 1.067(1) 2.792(1) 1.539(2) 0.048±0.007 751 487
3 34.7 15.8 13.5 36.0 1.158 1.074 2.798 1.545 0.00087 1008 497
4 34.24** 15.76"** 15.76"** 34.24** 1.151 1.064 2.796 1.537 - 979.5 -
5 35.1(4) 16.6(4) 13.3(4) 35.0(4) 1.163±.01 1.079t.015 2.735t.01 1.515±.01 0.100% 381 241
6 37.34 16.95 13.40 32.31 1.150 1.071 2.788 1.547 0.00011 528 509
7 30.75"** 13.84"** 13.84** 30.75** 1.151 1.069 2.787 1.534 - 243 237
7 33.00** 17.00"** 17.00"** 33.00** 1.159 1.074 2.799 1.544 - 289 237
7 34.81** 15.19"** 15.19"** 34.81"* 1.152 1.068 2.786 1.534 - 520 493
7 33.45** 16.55"* 16.55" 33.45** 1.160 1.073 2.800 1.542 - 456 493
2.0819 0.8100 1.3132 1.8765 0.0000 0.0000 0.0005 0.0001
1.4429 0.9000 1.1459 1.3698 0.0058 0.0057 0.0225 0.0109
35.2186 15.9886 14.0314 34.3671 1.1573 1.0724 2.7852 1.5385
2 37.1 17.8 12.4 32.8 1.273(1) 1.188(1) 3.120(2) 1.548(2) 0.084±0.009 969 487
** These workers gave their % areas in terms of area per doublet; these values were halved for purposes of this table (probably a poor
assumption, but necessary to enable compilation of statistics).
Table 13. Mossbauer Data on Sample A (All unconstrained Fits)
Temp. Baseline counts
Lab No. (*K) per channel Peak Positions (mi/sec) Widths at Half Peak Height (m/sec)
1 2 3 4 1 2 3 4
1 300 454800 -0.470 0.137 0.686 3.061 0.292 0.276 0.282 0.263
2 293 4962630 -0.466 0.122 0.669 3.051 0.269 0.246 0.244 0.246
2 293 1519572 -0.468 0.123 0.674 3.052 0.280 0.235 0.266 0.250
3 295 1245000 -0.475 0.132 0.685 3.061 0.278 0.241 0.254 0.257
4 296 993278 -0.484 0.123 0.682 3.049 0.306 0.282 0.310 0.282
5 297 4266211(615) -0.478(10) 0.123(10) 0.669(10) 3.043(5) 0.313(5) 0.289(5) 0.283(5) 0.284(5)
6 298 1805976 -0.473 0.126 0.685 3.056 0.349 0.330 0.367 0.334
7 298 2275546 -0.477 0.127 0.673 3.041 0.262 0.266 0.262 0.280
7 298 2900293 -0.476 0.126 0.677 3.044 0.262 0.266 0.269 0.280
Variance* 0.0000 0.0000 0.0001 0.0001 0.0009 0.0009 0.0016 0.0007
Standard Deviation 0.0055 0.0055 0.0071 0.0078 0.0293 0.0308 0.0399 O.LG72
Mean -0.4748 0.1271 0.6791 0.0520 0.2964 0.2749 0.2881 0.2791
2 77 3652275 -0.403 0.260 0.802 3.272 0.288 0.312 0.266 0.269
* All statistics were computed using one value (averaged, if necessary) from each lab.
Table 13. (continued)
Quadrupole Degrees of
Lab No. % Area (or Xeff) Isomer Shift Splitting Misfit x
2  
Freedom
(m/sec) (m/sec)
1 2 3 4 1-4 2-3 1-4 2-3
1 40.94 10.11 9.91 39.05 1.296 0.412 3.531 0.550 0.00465 512 487
2 41.7 8.8 8.8 40.7 1.293(1) 0.396(1) 3.517(1) 0.547(3) 0.013t0.004 586 487
2 42.8 8.1 9.2 39.9 1.292(1) 0.399(1) 3.520(1) 0.551(3) 0.017±0.004 633 487
3 42.7 7.6 7.9 41.9 1.291 0.407 3.536 0.553 0.00022 637 497
4 40.04** 9.96** 9.96** 40.04** 1.282 0.403 3.534 0.562 - 765 -
5 40.8(4) 10.7(6) 10.3(4) 38.2(4) 1.283±.01 0.396±.015 3.521t.01 0.546t.005 0.125% 705 241
6 41.17 8.65 9.64 40.53 1.291 0.405 3.528 0.559 0.0018 293 499
7 40.37** 9.64** 9.64** 40.37** 1.282 0.400 3.517 0.546 - 247 237
7 40.51** 9.49** 9.49** 40.51** 1.284 0.401 3.520 0.551 - 516 493
0.9172 0.9751 0.6410 1.3817 0.0000 0.0000 0.0001 0.0000
0.9577 0.9875 0.8006 1.1755 0.0056 0.0056 0.0074 0.0059
41.1914 9.3750 9.4679 40.0657 1.2884 0.4030 3.5267 0.5525
2 41.5 10.5 7.7 40.2 1.435(1) 0.531(2) 3.675(1) 0.542(4) 0.034±0.005 764 487
** These workers gave their % areas in terms of area per doublet; these values were halved for purposes of this table (probably a poor
assumption, but necessary to enable compilation of statistics).
be processed and fit with the MIT curve-fitting program. The results are
shown in Tables 8 and 14; as predicted, variance in individual peak areas
is somewhat reduced when all spectra are fit to the same curve shape.
Discussion
Optimization of Experimental Technique
It is not surprising that this study found the optimal sample
concentration for two silicate mineral substrates to be 7-10 mg Fe/cm 2 .
However, it is important to be reminded that even small deviations from
that value can produce rather drastic increases in the corresponding
statistics of the eventual fit, and different optimum values may apply to
other matrices. Above the optimal concentration, x 2 increases (degrades)
very quickly; for example, at 30 mg Fe/cm2 x 2 is 1 1/2 to 2 times larger
than at 7 mg Fe/cm2 . The more sensitive parameter of Misfit is also
greatly affected by sample concentration.
Similarly, duration of runs is a very critical parameter. Samples
4,hich were run for just one million counts seem to give Misfit values
closest to zero; above that x2 increases by at least 10% for every
million counts. Shorter runs produce decaying Misfit values. These
conclusions may seem to coitrclict one of the commnion assumptions in
counting statistics: the idea that more counts will produce better x 2
values. Unfortunately this assumption is not true in cases where
electronics and drive systems are involved; for Mossbauer spectroscopy,
more time means a chance for long term electronic drift (due to a
combination of instability in the electronics and mechanical instability)
to have a greater influence on runs. Use of a laser interferometer
(e.g., Cosgrove and Collins, 1971 or Otterloo et al., 1983) might partly
offset long-term instabilities, and thus allow longer runs. However, the
Table 14. Mossbauer Spectra Fit with One Program
Quadrupole Degrees of
Lab No. % Area Isomer Shift Splitting Misfit x
2  
Freedom
(mm/sec) (mm/sec)
1 2 3 4 1-4 2-3 1-4 2-3
1 35.57 16.88 1.380 33.75 1.161 1.076 2.798 1.548 0.000013 515 499
2 37.04 16.02 13.35 33.60 1.153 1.064 2.797 1.541 0.000625 837 487
3 35.54 14.60 14.34 35.52 1.166 1.082 2.798 1.545 0.00106 1106 499
4 32.06 15.31 14.39 38.25 1.159 1.072 2.803 1.541 0.00111 779 495
5*(0) 35.87 12.60 16.15 35.38 1.163 1.093 2.760 1.512 0.00205 1072 243
5(21) 35.37 13.10 16.77 34.77 1.178 1.093 2.730 1.516 0.000627 501 24J
6 37.34 16.95 13.40 32.31 1.150 1.071 2.788 1.547 0.000111 528 509
7 37.57 14.62 13.87 33.94 1.153 1.066 2.787 1.533 0.000485 537 497
Variance 3.5222 2.3296 0.9147 3.6892 0.0000 0.0001 0.0002 0.0002
Standard
Deviation 1.8768 1.5263 0.9564 1.9207 0.0060 0.0100 0.0144 0.0126
Mean 35.8557 15.2829 14.1857 34.6786 1.1579 1.0749 2.7901 1.5381
* Data from lab 5 were originally submitted with a 21% Gaussian line shape component in peak shapes. The MIT program refit the same data
with both 0% and 21% Gaussian component. Statistics are computed using only the 0% data.
addition of an interferometer to the drive mechanism monopolizes one
tenth of the data points of the spectrum being accumulated, resulting in
a loss of precision in the resultant spectrum. Such a loss is probably
not worth the increase in stability, except in cases where major drive
fluctuations are suspected. Therefore, it is generally necessary to
strike a compromise between having a long enough run to accumulate
sufficient counts to adequately define the spectrum, and having a short
enough run to avoid electronic drift. On the MIT equipment, runs which
accumulate 1 million counts seem to make the best comnpromise. That
corresponds to about six hours exposure of a mineral to a 95 mCi source.
When this result was defined, it seemed logical to see if others had
a similar problem with instability. Wayne Dollase ran our standard "R"
for run times corresponding to 2, 4, and 6 million background counts on
the UCLA spectrometer. He reported the following results (Dollase,
personal communication, March, 1983):
"1) The weighted peak location precision calculated from the
least-squares fit is: 0.0012 mm/sec, 0.0010 and 0.0008 for the 2, 4 and
6 million count spectra, respectively. However, the mean reproducibility
of the four peaks on the three spectra is 0.013 mm/sec and thus isomer
shifts and quadrupole splitting probable errors are approximately
+0.02 mm/sec. This large difference between precision and actual
reproducibility is due to a systematic offset of random magnitude
(0.01-.02) from spectrum to spectrum caused by the nature of the
electronics and drive systems. Because of this poorer reproducibility,
one could not expect to see more accurate peak locations in higher count
spectra.
2) Peak width and Lorentzian/Gaussian peak shape fractions show
reproducibility of 0 01-0.02 mm/sec and 1%, respectively. Higher
background-count spectra are expected to show slightly broader peaks and
slightly greater Gaussian components due to short term drift but this
effect seems negligible in the case of these three spectra.
3) Area fractions have a mean reproducibility of 0.2% which is
probably fortuitous as experience suggests that probable errors in area
are about 1% for such spectra. Least-squares fitting errors are
0.1-0.2%.
4) The goodness of fit indicators reflect the differences in total
background counts. The value of chi-squared increases with background
counts as would be expected due to the small systematic inadequacies of
the calculated model (as caused by spectrometer nonlinearity and drift,
sample saturation, chemical inhomogeneities, etc.). Note, however, that
Misfit decreases to very low values for high background count spectra
demonstrating their increased quality."
Note that on the UCLA spectrometer, Misfit does not appear to get
larger with longer run times. This suggests that the UCLA system has
much less long term drift. However, two of their % Misfit values are an
order of magnitude higher than the correspondiny values observed in the
MIT data (see Table 15). Because it yields consistently lower Misfit
values, the MIT fitting program probably gives better fits over a wide
range of background counts, in spite of long term drift. This point
serves to highlight the uniqueness of each spectrometer set-up and
fitting program and to emphasize that each apparatus probably has its own
criteria for optimization.
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Table 15. Comparison of Misfit Values on Different Spectrometers
Background UCLA MITCounts Spectrometer Spectrometer
2 x 106 0.108 (15)% 0.0170 (103)%
4 x 106 0.111 (12)% 0.0601 (33)%
6 x 106 0.043 (5)% 0.0576 (63)%
It is also necessary to consider what the optimal sample
concentration might be for non-silicates. Results for a pyrite and a
ferberite (FeW04) sample are shown in Figures 10 and 11. Sulfur-bearing
samples appear to have a lower optimum concentration around 2 my Fe/cm2;
the tungsten-bearing ferberite probably requires more sample for
experimental optimization.
Interlaboratory Comparison
It is obvious from even a cursory inspection of Table 8 that the
variance in Mossbauer parameters is somewhat greater for the array of
different laboratories than for measurements made at a single lab. Given
that the variation does exist, it is important to consider three
questions:
1) Are the variations significant?
2) What are the probable causes of this variation?
3) What can be done to reduce such variation?
The answers to these questions are of vital importance to both
experimenters and users of Mossbauer data.
The question of significance is fairly easily answered. The
different results can be compared rigorously through use of common
statistical tests. The T test, which is used to test hypotheses about
the equivalency of two samples, evaluates the likelihood of mean values
falling within a sample-based distribution. The F test determines
equality of variances based on the theoretical F distribution of all
possible pairs of sample variances in a random sampling of a normal
population (Davis, 1973).
To perform these tests, two populations are needed. Rather than
combining all the MIT measurements, one set of data, the 7 my Fe/cm2 with
Figure 10. Plot of sample concentration versus Misfit for pyrite
spectra where time was held constant at twelve hours.
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Figure 11. Plot of sample concentration versus x2 for ferberite
spectra where time was held constant at twelve hours.
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time and concentration varying data set, were used because those
parameters most closely approximate the conditions of the different labs.
The T test, which determines equality of means of two groups of samples,
is defined as:
X1 - X2
T = -------------------
sp 1(1/nz) + (1/n2)
where X1 and X2 are the two sample means, nI and n2 are the number of
samples in each sample group (sl and s2), and sp is defined as the square
root of:
(nl-l)s2 + (n 2 -l)s 21 2
s2  -
n1 + n2 - 2
If the calculated value of the T test exceeds the selected value of 2.074
for a 2.5% level of significance with 22 degrees of freedom (24 different
samples), then the test implies that there is little evidence to suggest
that the means are equal.
Similarly, the F test is defined as
2
S
1
F = -- 9
2
s
2
where the degrees of freedom equal nl-1 for the numerator, and n2-1 for
the denominator. Again, the null hypothesis that the variances are equal
will be disproven when the values for the F test in column 2 (Table 16)
exceed the critical value of 3.37 for the 2.5% level of significance (see
Davis, 1973 or Bevington, 1969).
Results of the statistical evaluation are shown in Table 16. Data
Table 16. Statistical Tests for Variance in Different Mossbauer Parameters
One Lab (MIT), same program, One Lab (MIT), same program,
vs. Different Labs, same program vs. Different Labs, same program
Parameter T Test F Test T Test F Test
Peak Position, Peak 1 5.1447 2.2194
Width, Peak 2 0.6872 12.2826
Area, Peak 3 1.0844 64.5183 0.8472 27.0980
Isomer Shift, 1-4 5.9235 1.2370 5.4500 1.5872
Isomer Shift, 2-3 4.7606 1.1179 3.8690 4.6136
Quadrupole Splitting, 1-4 2.6232 2.4077 2.3088 1.5109
Quadrupole Splitting, 2-3 2.9057 1.0981 2.3383 2.1179
T test Ho: I1 " 12 fails if T > 2.074 (95% confidence level) T test Ho: ~1 = P2 fails if T > 2.101 (95% confidence level)
F test Ho s22. 
s
2 fails if F > 3.37 (95% confidence level) F test Ho: s22= s2 fails if F > 3.73 (95% confidence level)
1 2 1 2
columns one and two show results for the MIT data versus different
laboratories' data, all fit with different programs. The results suggest
that mean values for peak position, isomer shift, and quadrupole
splittings are significantly different between the two groups. Note that
isomer shift and peak position, which are dependent on foil calibration
and source corrections, show the most significant variation in their mean
values. Highest values for variance between the two data sets occur for
area data, as might be expected from use of different fitting programs
and the incorrect assumption made about equality of peak areas.
Data columns three and four show results for the same MIT data
compared with the different laboratories' data, all fit with the same
program. Means of the two sets are different only for isomer shift data;
variance is significantly different only for the area data and one of the
isomer shift values. These results suggest that use of a consistent
curve-fitting program among all labs might improve reproducibility to a
small degree, especially if the apparent discrepancy caused by foil
calibrations and source corrections could be corrected. If such a
universal fitting program were to be selected, a logical candidate would
be MOSSPEC (and its many descendents), originally written by A. J. Stone
at Cambridge and developed extensively there by both theoretical and
physical chemists (see Stone et al. 1971 or Stone et al., 1984). This
program is undoubtedly the most widespread Mossbauer fitting program, due
in part to its mention in Bancroft's (1973) book. However, such an
improvement would probably not be worth the large amount of time and
trouble that would be necessary to implement such a plan.
Next it is useful to discuss the possible causes for imprecision in
these data, and to ascertain why the observed variance for all the
samples is as high as it is. It is convenient to discuss each suspected
cause of error separately:
Counting statistics are one of the underlying sources of error for a
Mossbauer measurement. However, a simple example can be used to show
that this type of error is relatively small when compared to the overall
peak areas that are used to determine Fe3+/Fe2 + ratios (Whipple, 1973).
In a typical spectrum with one million baseline counts, where one
standard deviation is 1000 and an average peak height might be 20,000
counts (2% absorption) one standard deviation is 5% of the average peak
height. Since a peak's area may cover 20-30 channels, the area variation
of the peak due to statistics alone is very small. As work on the MIT
spectrometer suggests, errors due to having too few background counts can
be minimized by thorough testing of the individual spectrometer.
Long term drift is also a universal problem in all of the labs
tested. It may be responsible for a substantial part of the error in
these measurements. However, frequent calibrations can enable the
individual experimenter to understand how much drift is present in a
given apparatus.
Inhomogeneity in the standards was tested; variance in these
measurements was found to be about the same or worse than the variance
between labs. Inhomogeneity may contribute to the errors in these
measurements, but it is difficult to separate its effects from the other
sources of error.
Sample concentration might cause error; as was seen in the MIT
measurements, many of the fit statistics and parameters can change with
concentration. However, sample concentration remained essentially
constant in the interlaboratory experiments, so that factor cannot be
responsible for causing imprecision in those measurements.
Electronic relaxation may cause differences in peak amplitudes,
particularly in doublets originating from ferric iron (Goldanskii and
Makarov, 1968). However, there was no evidence of amplitude differences
in the ferric peaks of the garnet standard spectrum, suggesting that
relaxation effects are insignificant.
Peak overlap has been shown by Dollase (1975) to be a source of
large uncertainty in Mossbauer measurements where peak separation is less
than ~0.6 times the peak width at half peak height. However, this is not
the case for either the grunerite or the garnet standard, both of which
have large separations between peaks. In both mineral standards, a
slight overlap between the two lower velocity peaks may cause peak 2 to
rob area from the lowest velocity peak (1), causing the observed
inequalities in the areas of the inside doublets (peaks 2 and 3). This
problem could be corrected by use of area data from a more fully
constrained fit, or by using only the higher velocity peaks of the
doublets for area ratios. The latter approach is favored by the data
given here, which generally show less variance in peak position for the
two high velocity peaks.
Real area inequalities in unconstrained fits can affect area data
and resultant Fe3+/Fe2 + ratios. Whipple (1973) suggested that unequal
peak areas may be due to the spectrometer drive moving too rapidly
through one region of the spectrum, causing the apparent width of any
peaks in that region to decrease. In such cases, it may be important to
make adjustments to the drive spring, or to use the other half of a
doublet for Fe3+/Fe 2+ calculations. However, in this study all but one
of the labs which did unconstrained fits on sample "R" found the area of
the lower velocity peak (2) to be 2.30-3.55% larger than its higher
velocity mate. Since these results are based on several different
spectrometers, drive maladjustment was probably not a cause for this
error.
Lack of width constraints has been suggested by Hawthorne (1983) as
a possible source of error. However, since there is so little
overlapping of peaks it seems unlikely that the lack of width constraints
could be causing any of the peaks to borrow width from any others.
Preferred orientation in the samples can be a major cause of peak
asymmetry and inequality, particularly with platy minerals. However, all
the surveyed labs took the precaution of mixing the samples with some
sort of filler/coating to remove preferred orientation, so this is
probably not a major source of error either.
Errors in the model, especially how many peaks can be fit, could be
suspected as a cause of error, especially since the grunerite spectrum
contains contributions from Fe2+ in four sites, leading to the potential
of four quadrupole split doublets. However, Hawthorne (1981), Bancroft
et al. (1967), Hafner and Ghose (1971), and Ghose and Weidner (1972) have
all shown that three of those four doublets overlap almost perfectly in
the spectra, indicating that fitting a two doublet spectrum is a
justifiable model for grunerite. The garnet standard is known to be a
mixture of two minerals, each with only one Fe-bearing site; modelling
that spectrum with two doublets is probably not a source of error
either.
Fe foil calibration values are a fundamental source of error because
a spot check revealed that all labs do not use the same values for
standard peak position in the iron calibration spectrum. The values
listed above as supplied by Dr. Stevens should be universally adopted.
Lack of concensus on which values are preferable may contribute to error
in Mossbauer measurements, if a given lab deviates significantly from the
values that others are using.
Curve-fitting or deconvolution programs are another likely cause of
error in these measurements. As discussed above, there is a small
reduction in variance when data from all laboratories are fit with the
same program. However, use of a universal curve-fitting program is
logistically unfeasible.
This brings us to the third issue for discussion: how can
interlaboratory differences best be reconciled? Since it would surely be
a hopeless task to try to agree on a single method for
curve-fitting/deconvolution, it seems wise to consider other
alternatives.
In neutron activation studies it is common practice to report
results of repeated runs on the same sample, and results on standard
rocks, in each paper. Mass spectroscopists correct all their values to
accepted standards. These standardization procedures are impracticable
for Mossbauer spectroscopists; the errors in Mossbauer measurements are
more complicated than simply adding a certain number to correct for
isomer shift or quadrupole splitting. Nor is it really practical, given
the time and energy involved, to redo repeated runs on standards and on
the samples at hand on a consistent basis. However, on an occasional
basis it would be helpful to see published comparisons of the individual
research lab's results on the standards compared to the consensus' "mean
values." It would also be helpful if each lab could publish its own
record for repeated measurements on the same mineral standards, if only
infrequently. Such steps would probably go a long way toward reinforcing
the credibility and universal acceptance of the Mossbauer technique as an
analytical tool.
Conclusions
The goal of this work was to reevaluate the analytical precision of
the technique of Mossbauer spectroscopy. The results of this study
highlight three major conclusions:
1. The standard deviation of measurements on the MIT apparatus is
better than 0.016 mm/sec for isomer shift, 0.060 mm/sec for quadrupole
splitting data, and 1.02% on area data. These values are for
measurements on different aliquots of the same mineral. Repeated
measurements on the same sample have considerably better statistics.
2. Optimal precision can be achieved only through careful
measurements involving strict control and thorough understanding of the
effects of sample concentration, run duration, and baseline counting
statistics.
3. The precision of interlaboratory measurements on the same
standards is slightly better than that observed for only one lab
(0.006 mm/sec for I.S., 0.023 mm/sec for Q.S.; 1.44% on individual peak
area data), since only "ideal" run conditions were employed. Mean values
for peak position and isomer shift vary significantly between labs, and
the highest statistical variance is observed in individual peak area
data.
These conclusions yield some answers to the questions posed in the
introduction: samples with small Fe concentrations can be run but the
statistics may be affected in the ways predicted in Figures 7 and 8; it
is possible (and in fact, often preferable) to minimize run times and
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still have good results; and it is possible to compare results between
labs, provided a common mineral standard has also been analyzed.
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CHAPTER 3
A Review of Mossbauer Data on Trioctahedral Micas:
Evidence for Cation Ordering
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Abstract
Over fifty studies on Mossbauer spectroscopy of trioctahedral micas
are summarized and reviewed in order to determine reasonable ranges for
parameters of different iron sites. Typical values (in units of mm/sec)
include Fe2+ M2: isomer shift (6) = 1.13, quadrupole splitting (A) =
2.58; Fe2+ Ml: 6 = 1.12 and 1.16, A = 2.05 and 2.75; Fe3+ Ml: 6 = 0.40,
A = 0.55; Fe3+ M2: 6 = 0.40, A = 1.00; Fe3+ tet: 6 = 0.20, A = 0.50.
The effects of major element composition on Mossbauer parameters are
assessed and found to be minimal, though OH, F, and C1 (which are not
easily analyzed nor frequently reported) substitutions may have more of
an effect. The Mossbauer and compositional data considered together show
that the FeMg-1 and Tschermak substitutions are most common, that
tetrahedral AlFe-13+ may be controlled by octahedral cation size, and
that M2/M1 cation ordering is ubiquitous.
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Introduction
When the technique of Mossbauer spectroscopy was initially applied
to minerals, biotites were among the first samples to be analyzed
(Pollak, et al., 1962). Since then a wide array of phyllosilicates,
including kaolins, serpentines, chlorites, and micas, have been studied
with the Mossbauer effect, yielding an extremely varied set of results.
Advances in technology from the days of home-made spectrometers and curve
fitting by triangulation have led to increasingly more sophisticated
measurements. Thus it is sometimes questionable whether older
measurements may be comparable to current ones, and the morass of
Mossbauer data on phyllosilicates is very difficult to evaluate as a
whole.
This review paper was conceived with the aim of evaluating the
plethora of Mossbauer studies done over the past 23 years. To define the
problem most effectively, this work is limited to trioctahedral micas,
which have been exhaustively studied. The effects of temperature and
dehydroxylation on Mossbauer studies of micas have been well reviewed by
Heller-Kallai and Rozenson (1981) and will not be covered here. Instead,
this work will be slanted toward room temperature measurements. Three
distinct areas of investigation are addressed.
1. What are reasonable ranges for Mossbauer parameters of the
different iron sites in micas? Typical parameters can easily be gleaned
from the extensive data base in the literature; ranges for parameters
thus obtained can be used to identify anomalous results from individual
studies, and to generalize the many studies which are similar.
2. How do variables such as composition and sample origin affect
Mossbauer parameters? Can the isomer shift (I.S. or 6) and quadrupole
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splitting (Q.S. or A) of a particular doublet be affected by cations
coexisting with iron in the mica structure?
3. What do the area (site occupancy) data from Mossbauer studies
tell us about mica crystal chemistry? Is there evidence for cation
ordering in micas?
Each of these problems will be discussed at length. However, it is
first useful to review briefly the basic structural features of the
various trioctahedral micas which bear on the question of iron site
occupancies. Although much of this information is available in the Micas
volume of the Reviews in Mineralogy series (e.g. Bailey, 1984a;
Guggenheim, 1984), it is convenient to summarize pertinent structural
information.
The trioctahedral micas can be subdivided into five different groups
on which Mossbauer analyses have been performed. These include:
phlogopite: K Mg3 (Si 3Al)0 10 (OH,F) 2
biotite: K (Mg,Fe)3(Si3Al)0 10(OH,F)2
lepidolite: K(Li,Al) 3 (Si 3A1)0 10 (F,OH) 2
zinnwaldite: K [Fe 2 +,Li,(AI,Fe3 +)] 3 (Si,Al) 4 010 (F,OH) 2
clintonite: Ca(Mg 2A1)(SiAl3)010(OH,F)2
Crystal structure refinements for varying compositions of these minerals
have been done by Zvyagin and Mishchenko (1962), Steinfink (1962), Takeda
and Donnay (1966), Joswig (1972), McCauley et al. (1973), and Rayner
(1974) for phlogopites; Tepikin et al. (1969), Hazen and Burnham (1973),
Takeda and Ross (1975), and Kato et al. (1979) for biotites; Takeda and
Donnay (1966), Takeda et al. (1971), Sartori et al. (1973), Sartori
(1976), and Brown (1978) for lepidolites; Guggenheim and Bailey (1977)
for zinnwaldite; and Takeuchi (1964) and Takeuchi and Sadanaga (1966) for
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clintonite. More extensive references and details of these data are
summarized in Bailey (1984a) and Guggenheim (1984).
In each of these minerals, Fe2+ may be assumed to occur in
octahedral sites, while Fe3+ may fit into either the octahedral or
tetrahedral sites. Figure 1 shows a scale drawing of a schematic
trioctahedral mica structure and indicates the relative sizes of the
cations which may substitute into each site. The trioctahedral micas
have a tetrahedra-octahedra-tetrahedra (t-o-t) stacking pattern, with
essentially all the sites occupied (though octahedral and interlayer
vacancies sometimes occur). Large interlayer cations in the twelve-fold
sites between t-o-t layers maintain charge balance. It is obvious from
the variable sizes of the substituting cations that the layers may not
always fit together perfectly. In the ideal case each tetrahedron in the
uppermost layer is staggered by a/3 relative to tetrahedra in the lowest
layer of each stacking sequence, and the octahedral sheet fits perfectly
between them. However, this is rarely achieved. The different types of
cation substitutions are generally accommodated in the structure either
by expansion of the octahedral layer (by flattening) or by rotation of
the tetrahedral layer (see, for example, Donnay et al., 1964). In the
former case, octahedral flattening can be defined as I = Arc
sin(bm/3/-3do), where bm is the cell dimension and do is the octahedral
bond length. Values for p can range from 58.00 to 59.50 (Hazen and
Wones, 1972). Tetrahedral rotation can be defined by the tetrahedral
bond length df and the cell dimension bm as a = Arc cos (bm/4/Y2df); a
ranges from 1.50 to 7.50 and 220 for annite, phlogopite (Hazen and
Burnham, 1973), and clintonite (Annersten and Olesch, 1978) respectively.
As the review by Bailey (1984a) demonstrates, both 4 and a vary
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Figure 1. Scale drawing of a typical trioctahedral mica crystal
structure. Ions in the structure are shown schematically; actual (to
scale) sizes of the various substituting cations are shown at right.
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significantly with the size of the substituting cations. Because
Mossbauer spectroscopy can distinguish between Fe3+ (ionic radii: 0.49 A
(tet), 0.64 A (oct)) and Fe2+ (0.77 A (oct)); data from Shannon, 1976),
it may be a useful tool in aiding our understanding of how various
cations affect tetrahedral and octahedral layer rotations and
distortions. Mossbauer spectroscopy may also resolve the question as to
whether or not there is cation ordering in micas, particularly in the
octahedral sites. The octahedral layer in the structure contains two
different types of sites: the M2 site where hydroxyls lie on adjacent
corners (cis), and an M1 site with hydroxyls on opposite corners (trans)
of the coordination polyhedra. There has been some confusion in the
literature over which site is which (Goodman, 1976); however the current
convention seems to lean toward the cis-M2 and trans-M1 designations (see
Bailey, 1984a; Rossman, 1984). As Figure 1 shows, cis-M2 sites occur
twice as frequently in a unit cell as do trans-Mi sites. Any deviations
from this ratio might suggest that cation ordering is present in the
structure.
Ranges of Mossbauer Spectroscopy
For the purposes of this study a survey was made of the geological,
material science, chemistry, and physics literature. Mossbauer data on
trioctahedral micas were compiled directly from the 52 references listed
in Table 1. Table 2 lists the 84 samples for which both compositional
and Mossbauer data were provided; formula are listed in terms of two
formula units (as are present in a unit cell). Table 3 compiles
Mossbauer data only from references which did not supply compositions.
Because different laboratories use different reference points for
calibration, some confusion may arise when data from different sources
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Table 1. References Used in Plots and Tables
1 Voitovsky et al., 1975
2-3 Shinno and Suwa, 1981
4 Levillain et al., 1977
5 Ivanitskiy et al., 1977
6-7 Ishida and Hirowatari, 1980
8 Goncharov et al., 1980
9 Bagin et aT., 1980
10 Annersten, 1975
11-13 Bowen et al., 1969
14-20 Bancroft and Brown, 1975*
21 Rice and Williams, 1969
22-23 Haggstrom et al., 1969a
24-25 Ivanitskiy et al., 1975b
26-33 Sanz et al., 1978
34-35 Ivanitskiy et al., 1975b
36-41 Annersten, 1974
42 Smith et al., 1980**
43-45 Hogg ani dads, 1970
46 Hogg and Meads, 1975
47-53 Manapov and Sitdikov, 1974
54-58 Hogarth et al., 1970
59-63 Annersten-a-d Olesch, 1978
64-71 Levillain et al., 1981
72-84 Dyar, unpubTiThed data
85 Astakhov et al., 1975
86 Herzenberg et al., 1968
87 Annersten et al., 1971
88 Huggins, 1976
89 Marfunin et al., 1971
90-92 Tripathi and Lokanathan, 1978
93-96 Taylor et al., 1968
97-102 Amirkhanov et al., 1980
103-104 Tripathi et al., 1978
105 Goodman an-d w lson, 1973
106-108 Haggstrom et al., 1969b
109 Yassoglov et al., 1972
110 Tricker et al., 1976
111 Bancroft et al., 1977
112 Chandra and Lokanathan, 1982
113 Chandra and Lokanathan, 1977
109
114-115 Drago et al., 1977
116-117 Ericsson et al., 1977
118-119 Gendler etaT-., 1978
120 Ivanitsky et al., 1975c
121 Ivanitskiy t al., 1978
122-126 Kohno and Kakitani, 1972
127 Lefelhocz et al., 1967
128-129 Manapov and-Kr-Tiari, 1976
130-132 Pollak, et al., 1962
133 Pollak and Bruyneel, 1974
134-144 Pol'shin et al., 1972
145 Vertes et al., 1981
146-151 TripathT-an--d-Lokanathan, 1982
* Analyses from Dodge et al., 1969
** Analyses from Snith,-T97-8
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Table 2. Compositions and Mossbauer Data
Sample # 18 2P 3P 4L 58 6P 7P 85 98 O1B 11B 128 13P 148 15B 168 17B 18B !98 2J6 213
Si
4 +  
5.50 5.89 5.99 7.00 5.14 5.40 6.20 6.00 5.34 4.50 5.10 4.96 5.12 5.60 5.53 5.42 5.37 5.63 5.52 5.62 5.29
A1
3
+ 2.04 1.76 1.68 0.98 2.86 2.20 1.40 2.00 2.10 3.50 2.90 3.04 2.88 2.40 2.47 2.58 2.63 2.37 2.48 2.38 2.22
Fe
3
+ 0.46 0.32 0.23 0.02 - 0.20 0.40 - 0.56 0.4
Sum Tet 8.00 7.97 7.95 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.0J
AI 1.28 - - 2.44 0.62 - - 4.80 1.04 3.00 0.96 1.34 0.90 0.42 0.24 0.67 0.76 0.36 0.48 0.42 1.56
Ti 0.22 0.01 0.03 - 0.24 0.60 0.20 - 0.28 0.10 0.14 0.29 0.29 0.35 0.36 0.19 0.18 0.32 0.23
Fe
3
+ 0.00 - - 0.00 0.34 0.20 - 0.00 0.16 0.28 0.48 0.16 0.42 0.48 0.44 0.17 0.39 0.49 0.42 0.00
Mg 2.10 5.52 5.49 0.02 1.90 3.40 5.00 - 2.02 - 1.78 0.48 4.04 2.45 2.64 1.22 1.56 2.73 2.53 2.17 1.15
Fe
2 +  
2.36 0.48 0.39 0.42 2.60 - 0.40 0.60 2.16 4.34 2.22 2.90 0.58 2.12 2.02 2.78 2.74 1.89 1.97 2.38 2.34
Mn 0.04 0.01 - 0.05 0.02 2.00 0.60 - 0.02 - 0.05 0.05 0.14 0.06 0.05 0.11 0.04 0.03
Li 0.00 - - 1.50 -
Other - - Cr 0.01 - - Ba 0.20
Sum Oct 6.00 6.02 5.92 6.00 5.72 5.80 6.00 6.00 5.44 6.00 5.52 5.30 5.82 5.75 5.72 5.60 5.65 5.61 5.76 5.75 5.36
Ca 0.10 0.02 0.01 - 0.12 - - - 0.10 - - 0.03 0.09 0.00 0.00 0.10 0.09 0.09 0.00
Na 0.10 0.10 0.01 0.10 0.22 0.40 - - 0.10 - 0.08 0.06 0.12 0.07 0.06 0.15 0.13 0.07 0.09 0.08 0.10
K 1.90 1.90 2.01 1.74 1.54 1.60 1.80 2.40 1.80 2.00 1.70 1.80 1.62 1.84 1.63 1.86 1.85 1.63 1.61 1.77 1.76
Other - - - Rb 0.16 - - - - - - - - - - - - - - . - -
Sum A 2.10 2.02 2.03 2.00 1.88 2.00 1.80 2.40 2.00 2.00 1.78 1.86 1.74 1.94 1.73 2.01 1.98 1.80 1.79 1.94 1.86
61 1.19 1.12 1.12 1.16 1.20 - 1.13 1.17 1.19 1.13 1.11 1.12 1.11 1.12 1.13 1.13 1.14 1.13 1.12 1.13 1.14
Al 2.62 2.65 2.65 2.62 2.86 - 2.52 2.52 2.58 2.54 2.47 2.51 2.44 2.62 2.62 2.57 2.62 2.65 2.61 2.61 2.56
62 1.17 - - 1.18 1.17 - - - 1.19 1.18 - - - 1.10 1.10 1.11 1.13 1.09 1.09 1.11 1.15
A2 2.24 - - 2.99 2.29 - - - 2.13 2.00 - - - 2.13 2.15 2.06 2.15 2.20 2.17 2.14 2.63
63 - - - - 0.43 0.34 - - - 0.40 0.46 0.47 0.48 - 0.49 0.49 0.51
63 - - - - 1.12 1.02 - - - 0.76 - - - 1.00 1.05 1.00 - 1.03 1.00 1.05
64 - - - - 0.46 0.54 0.54 0.44 0.45 0.49 0.52 0.60 0.49 0.48 0.51
A4 - - - - 0.62 - - - 0.60 0.80 0.90 0.42 0.50 0.47 0.57 0.52 0.52 0.51 -
65 0.20 0.20 0.24 0.25 - 0.26 0.15 - 0.14 - -0.03
A5 1.23 0.52 0.47 0.35 - 0.62 0.63 - 1.23 - - - 0.24
Fe
2
+/rFe 0.84 0.60 0.58 0.96 0.88 0.00 0.50 1.00 0.79 0.96 0.89 0.86 0.78 0.83 0.81 0.86 0.94 0.83 0.81 0.85 0.17
M2/MI Fe
2 +  
- - -
1.91 2.14
Sample # 228 23A 24B 258 26P 27P 28P 298 308 31B 328 338 348 358 368 378 388 398 408 41B 428
Si
4 +  
5.63 6.00 5.60 5.60 6.18 6.08 5.68 5.42 5.48 5.48 6.00 6.00 5.28 5.59 5.25 5.39 5.50 5.45 5.92 5.20 5.44
Al3
+  
2.37 2.00 2.40 2.40 1.82 1.92 2.32 2.58 2.52 2.52 2.00 1.76 2.73 2.41 2.75 2.61 2.50 2.35 2.05 2.33 2.56
Fe
3 +  
- - - - - - - - - - 0.24 - - - - - 0.20 0.03 0.47 2.00
other
Sum Tet 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.01 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Al 0.02 2.00 0.62 1.60 0.18 0.08 0.18 0.50 1.20 0.36 0.12 - - 0.86 0.33 0.36 0.18 0.00 0.00 0.00 0.338
Ti 0.46 - 0.21 - 0.34 0.26 0.26 0.34 0.26 0.10 0.04 0.12 0.10 0.25 0.37 0.23 0.40 0.67 0.12 0.65 0.16
Fe
3 +  
0.75 1.95 0.41 0.60 0.04 0.09 0.18 0.09 0.34 0.02 0.03 0.06 1.52 0.46 0.32 0.50 1.21 0.38 0.13 2.06 0.73
Mg 0.48 2.07 1.60 3.80 3.20 2.04 2.16 0.92 5.10 5.46 5.36 3.73 1.61 2.39 2.30 0.46 2.27 4.30 0.52 2.34
Fe
2 +  
3.97 4.05 2.48 2.00 1.50 2.08 2.88 2.52 2.48 0.32 0.34 0.32 0.27 2.04 1.94 2.11 2.95 2.31 1.27 3.36 1.54
Mn 0.05 - - - 0.02 0.10 0.08 0.06 0.08 - 0.02 - 0.02 0.02 0.02 0.02 0.05 0.01 0.05 0.03 0.08
Li - - - - 0.18 0.10 0.08 0.04 0.38 0.01 0.03
Other - - - - - -
Sum Oct 5.73 6.00 5.78 5.80 6.06 5.91 5.70 5.71 5.66 5.91 6.04 5.86 5.64 5.24 5.37 5.52 5.25 5.64 5.87 6.62 5.73
Ca - - 0.20 - 0.16 0.02 0.04 0.04 0.03 0.10 0.06 0.02 0.04 - - - - - - - 0.00
Na - - - 0.20 0.14 0.18 0.12 0.06 0.10 0.12 0.08 0.02 0.08 0.17
K 1.88 2.00 1.80 1.80 1.88 1.88 1.96 1.86 1.88 1.70 1.90 1.90 1.74 1.82 1.78 1.73 1.89 1.89 1.79 1.60 1.39
Other - - - -
Sum A 1.88 2.00 2.00 2.00 2.18 2.08 2.12 1.96 2.01 1.92 2.04 1.94 1.86 1.99 1.78 1.76 1.92 1.90 1.84 1.60 1.89
61 1.13 1.15 1.14 1.15 1.14 1.15 1.14 1.15 1.13 1.12 1.12 1.13 1.19 1.18 1.06 1.07 1.06 1.06 1.05 1.05 1.04
AI 2.56 2.56 2.61 2.66 2.61 2.60 2.60 2.66 2.!9 2.56 2.60 2.65 2.66 2.66 2.56 2.62 2.60 2.56 2.58 2.57 2.60
62 1.11 1.11 1.13 1.14 1.12 1.10 1.10 1.12 1.12 1.12 1.13 - 1.18 1.18 1.03 1.05 1.01 1.02 1.03 1.05 1.01
A2 2.17 2.18 2.10 2.29 2.20 2.16 2.17 2.23 2.17 2.22 2.20 - 2.28 2.18 2.10 2.19 2.20 2.13 2.21 2.12 2.23
63 0.55 0.54 0.46 0.46 U.54 0.57 0.50 0.51 0.49 0.61 0.61 - 0.54 0.50 0.41 0. 0 0.43 0.41 0.51 0.50 0.43
A3 0. 5 0.52 0.85 1.00 0.60 0.56 0.69 0.65 0.60 0.98 0.97 - 0.76 1.11 1.02 0.72 0.93 0.74 1.17 0.88 J.73
64 - - - - - - - - - - - - - 0.52 0.43 0.52 0.40 0.39 0.46 0.54 0.46
&4 - - - - - - - - - - - - - 0.64 0.50 0.57 0.50 0.57 0.05 0.34 J.32
65 - - - - - - - - - - - 0.26
A5 - - - - - - - - - - 0.45
Fe
2
'/TFe 0.84 U.68 0.86 0.78 0.90 0.95 0.82 0.89 0.96 0.88 0.88 0.71 0.87 0.79 0.86 0.81 0.71 0.86 0.91 0.62 0.63
M2/MI Fe
2
+ 2.7d 1.58 1.96 2.00 0.74 0.88 1.15 1.19 1.35 0.70 1.00 1.00 2.11 2.04 1.03 0.80 1.64 1.39 0.75 1.31 2.09
8 - Biotite P - Phlogopite L - Lepidolite S - Siderophyllite Z Zinnwaldite A Annite C - Clintonite
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Table 2. Continued
Sample # 43P 446 45Z 468 47B 48B 49B 50B 518 52B 538 54P 55P 56P 57P 58P 59C 60C 61C 52C 63C
Si
4 +  
5.60 5.30 6.92 5.88 5.51 5.35 5.25 5.11 5.14 5.23 5.38 5.96 6.10 5.65 5.69 5.61 2.41 2.41 2.73 2.35 2.23
Al
3 +  
2.40 2.70 1.08 2.12 2.49 2.47 2.56 2.89 2.77 2.77 2.62 1.69 1.83 2.08 2.30 2.33 5.49 5.47 5.27 5.39 5.25
Fe
3 +  
- - - - - 0.18 0.20 - 0.09 - - 0.29 0.07 0.27 0.01 0.01 0.10 3.12 0.27 0.52
Sum Tet 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 7.94 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Al 0.16 0.39 2.31 1.81 0.11 0.52 1.09 0.68 0.00 0.55 0.30 0.00 0.00 0.00 0.00 0.00 1.44 1.53 1.13 1.70 1.40
Ti 0.23 0.38 0.03 0.04 0.48 0.47 0.18 0.23 0.44 0.27 0.27 0.02 0.02 0.12 0.15 0.13
Fe
3 +  
0.03 0.54 0.09 0.24 0.21 0.05 0.19 0.35 0.54 0.40 0.33 0.00 0.05 0.22 0.16 0.14 0.00 0.03 0.00 0.03 0.08
Mg 5.07 2.18 0.04 0.11 2.70 3.22 2.01 2.15 1.94 2.37 2.61 5.59 5.13 5.19 4.25 5.31 4.42 4.39 4.80 4.20 4.45
Fe
2 +  
0.37 2.05 0.66 2.14 2.18 1.41 2.17 2.30 2.76 2.13 2.16 0.49 0.69 0.16 1.04 0.15 0.10 0.07 0.11 0.05 0.00
Mn 0.00 0.00 0.68 0.04 0.02 0.00 0.01 0.04 0.03 0.01 0.04 0.01 0.00 0.01 0.01 0.00
Li 2.29 0.91 - - - - -
Other
Sum Oct 5.86 5.54 6.10 5.29 5.70 5.67 5.65 5.75 5.71 5.73 5.71 6.11 5.89 5.70 5.61 5.73 5.96 6.02 6.10 5.98 5.93
Ca 0.07 0.19 0.02 0.21 0.05 0.07 0.03 0.03 0.20 0.03 0.09 0.03 0.01 0.00 0.00 0.00 1.99 1.98 1.96 1.97 2.23
Na 0.36 0.14 0.07 0.10 0.02 0.01 0.08 0.05 0.03 0.02 0.04 0.13 0.13 0.67 0.86 0.63 0.24 0.00 0.02 0.00 0.00
K 1.55 1.46 1.83 1.80 1.69 1.64 1.66 1.76 1.58 1.78 1.83 1.80 1.88 1.82 1.78 1.89 0.02 0.uJ 0.00 0.00 0.00
Other - - - - - - - - - - - - - - - - - - - - -
Sum A 1.98 1.79 1.92 2.21 1.76 1.72 1.77 1.84 1.81 1.83 1.96 1.96 2.02 2.49 2.64 2.52 2.25 1.98 1.98 1.97 2.23
61 1.10 1.07 1.15 1.13 1.13 1.13 1.15 1.15 1.13 1.13 1.14 1.18 1.19 1.14 1.17 1.15 1.08 - 1.13 1.08
A1 2.56 2.58 2.65 2.44 2.57 2.44 2.65 2.62 2.57 2.65 2.61 2.76 2.76 2.62 2.79 2.76 2.48 - 2.46 2.39
62 1.08 1.06 - 1.13 1.09 1.10 1.13 1.14 1.12 1.10 1.11 1.28 1.29 1.24 1.28 1.14 1.04 1.09 1.15
A2 2.24 2.14 - 2.74 2.19 2.07 2.18 2.19 2.17 2.22 2.21 2.97 2.95 2.82 3.01 2.97 1.72 2.11 1.85 - -
63 0.47 0.39 0.40 0.38 0.63 0.59 0.63 0.60 0.63 0.60 0.60 - 0.64 0.53 0.54 0.50 0.52 0.52 - - 0.49
63 0.80 0.72 0.89 0.83 0.64 0.57 0.64 0.57 0.78 0.57 0.57 - 1.22 0.94 1.15 1.05 1.05 1.20 - - 1.08
64 - - - - 0.38 - - - - 0.35 -
64 - - - - 0.57 - - - 0.50
65 - - - - - 0.06 0.13 - 0.10 - 0.19 0.21 0.27 0.24 - 0.26 0.24
- - - - - 0.50 0.36 - 0.43 - 0.44 0.44 0.62 0.68 - 0.65 0.80
Fe
2
+/rFe 0.90 0.81 0.83 0.89 0.80 0.84 0.85 0.83 0.82 0.83 0.80 0.74 0.86 0.82 0.94 0.81 0.35 0.26 1.00 0.24
M2/M1 Fe2+ 1.65 1.24 - 3.50 1.20 2.19 1.93 1.54 2.15 2.04 1.96 4.63 - 3.23 -
Sample # 64L 65Z 66Z 67Z 68S 69S 70S 71S 728 738 748 758 768 778 78A 794 80A 81A 82P 338 848
Si
4
+ 7.40 5.68 5.39 5.67 4.98 5.14 5.19 3.99 5.47 5.49 5.61 5.49 5.56 5.86 5.49 5.36 6.51 5.85 5.94 5.27 5.36
Al
3 +  
0.60 2.32 2.61 2.33 3.02 2.86 2.81 4.01 2.53 2.51 2.39 2.51 2.29 1.84 2.15 1.94 0.18 1.05 1.59 2.73 2.64
Fe
3 +  
- - - - - - - -
- - - - U.15 0.30 0.36 0.85 1.31 1.10 0.47 - -
Sum Tet 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 .00 8. .00 8..0 d.0 8.00 8.00 8.JO 8.00 8.00 8.00
Al 2.13 2.42 2.35 2.29 2.16 2.24 2.18 1.84 0.40 0.23 0.34 0.18 0.00 1.88 0.00 0.00 0.00 0.00 0.00 0.81 0.80
Ti - - - - - - - - 0.18 0.32 0.19 0.29 0.30 0.07 0.43 0.00 0.00 0.02 0.01 0.16 0.16
Fe
3 +  
0.00 0.00 0.18 0.33 0.03 0.16 0.26 0.21 0.66 0.57 0.62 0.65 0.60 0.30 2.25 0.30 0.17 0.24 0.30 0.37 0.26
Mg 2.51 2.12 2.72 2.62 0.22 0.01 0.07 2.70 1.51 0.77 5.11 '2.14 2.15
Fe
2 +  
0.45 1.58 1.45 1.25 2.55 2.18 2.13 3.96 1.78 2.16 1.66 1.84 4.39 2.40 2.16 2.96 4.22 4.77 0.47 2.30 2.36
Mn - - - - - - - - 0.11 0.04 0.05 0.05 0.09 0.22 0.06 0.00 0.00 0.00 0.01 0.00 0.01
Li 3.53 2.09 2.09 2.04 1.30 1.31 1.25 0.00 - - - - - - - - -
Other
Sum Oct 6.11 6.09 6.07 5.91 6.04 5.89 5.82 6.01 5.64 5.44 5.58 5.63 5.60 4.88 4.97 5.96 5.90 5.80 5.90 5.78 5.74
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.09 0.10 0.09 0.01 0.00 0.00 0.00 0.07 0.12 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.07 0.07 0.06 0.03 0.05 0.03 0.05 0.00 0.00 0.03 0.10 0.08
K 1.78 1.81 2.02 1.90 2.05 2.02 1.97 1.96 1.59 1.92 1.63 1.62 1.87 1.97 1.66 1.657 1.40 2.16 1.91 1.56 1.69
Other
Sum A 1.78 1.81 2.02 1.90 2.05 2.02 1.97 1.96 1.77 2.08 1.80 1.77 1.91 2.02 1.69 1.72 1.47 2.18 1.94 1.66 1.77
61 1.17 1.13 1.17 1.14 1.16 1.17 1.13 1.14 1.13 1.13 1.13 1.12 1.13 1.14 1.12 1.13 1.13 1.10 1.12 1.14 1.14
A1 2.63 2.42 2.57 2.66 2.36 2.51 2.64 2.55 2.60 2.57 2.60 2.58 2.53 2.63 2.50 2.67 2.60 2.55 2.63 2.63 2.61
62 1.18 1.13 1.18 1.15 1.15 1.17 1.14 - 1.07 1.10 1.07 1.09 1.10 1.10 1.15 1.12 1.15 1.16 - 1.13 1.14
82 2.96 2.77 2.90 2.93 2.69 2.83 2.90 - 2.22 2.12 2.15 2.15 2.06 2.36 1.90 2.32 2.83 2.16 - 2.19 2.15
63 - - 0.40 0.42 - 0.38 0.48 0.34 0.42 0.39 U.41 0.45 0.43 0.34 0.42 0.30 0.36 0.42 - 0.43 0.43
3 - - 0.61 0.88 - 0.69 U.98 0.39 1.24 1.16 1.16 1.17 0.99 0.74 0.98 0.94 0.56 1.01 - 1.19 1.20
64 - - - 0.38 - - 0.35 - 0.41 0.44 0.39 0.46 0.39 - 0.37 U.42 - - - 0.44 0.44A4 - - - 0.54 - - 0.52 - 0.55 0.47 0.52 0.52 0.31 - 0.61 0.46 - - - 0.28 0.37
65 - - - - - - - - - - - - - 0.11 0.20 0.19 0.21 0.20 0.19 - -
At - - - - - - - - - - - - - 0.15 0.37 3.39 0.40 J.45 0.56
Fe
2
+/7Fe 1.00 1.00 0.91 0.79 0.00 0.93 0.89 0.95 0.73 0.79 0.73 0.74 0.88 0.80 0.52 0.72 0.74 J.73 0.38 0.36 0.90
M2/MI Fe
2
+ 4.88 1.56 1.43 1.27 1.73 1.53 1.78 - 3.57 2.59 4.21 2.70 2.00 1.96 2.28 2.74 1.39 3.23 - 5.14 5.00
B = Biotite P - Phlogopite L - Lepidolite S - Sideropnyllite Z - Zinnwaldite A Annite C 1 Clintonite
Sample # 85L
61 1.06
A1 2.73
62 1.06
A2 2.38
63 -
A3
64
A4
65
A5 -
Fe
2
+/EFe -
M2/MI Fe2 + -
Table 3. Data from papers with no compositional information
86Z 87P 88P 89P 90P 91P 92P 93L 94B 95B 968 978 98B 99B 1001 101B 102B 1038 104B 1058 1068 1078
1.08
3.13
-
-
-
-
-
-
-
-
0.17
0.50
1.00
2.62
-
-
0.19
0.57
1.41
2.70
1.15
2.20
0.31
0.36
0.49
1.32
-
-
1.02
2.42
-
-
0.35
0.87
-
-
1.09
2.56
1.05
2.17
-
-
0.49
0.39
1.09
2.56
0.96
2.21
0.48
1.11
0.39
0.43
1.11
2.40
-
-
-
-
0.46
0.50
S - - - 0.17 0.76 0.26
-
- 1.92 2.25
1.16
2.60
-
0.51
0.60
1.14
2.45
0.39
0.95
0.41
0.30
1.11
2.50
0.39
0.95
0.36
0.30
1.10
2.66
1.10
2.21
-
-
0.56
0.69
1.11
2.64
1.10
2.21
0.58
0.57
1.19
2.60
1.18
2.32
0.61
0.60
1.12
2.62
1.14
2.25
0.58
0.80
-
-
1.12
2.66
1.09
2.36
-
-
0.39
0.44
1.19
2.67
1.17
2.29
-
0.73
0.52
1.12
2.42
-
-
0.45
0.86
-
-
1.11
2.54
1.10
2.07
0.43
1.14
0.44
0.44
1.13
2.64
1.11
2.19
0.38
0.89
-
-
1.15
2.48
-
-
-
-
0.49
0.55
1.12
2.48
0.46
1.16
-
-
-0.82 0.57 0.81 0.74
. . . . . 3.56 1.71 - -
108B 109B 110B 111B 112B 113B 114B 115B 116B 117B 118B 119B 120B 1218 122G 123B 124B 125B 126B 127B 128B 1298 1308
1.11
2.58
1.08
2.15
0.43
0.71
-
-
1.11
2.53
1.08
1.98
0.51
0.17
0.51
0.54
1.11
2.54
1.10
2.07
0.43
1.13
0.44
0.44
1.04
2.59
1.03
2.09
0.34
1.70
0.38
0.45
0.70 0.83 0.83
3.13 - 3.61
1.08
2.63
1.07
2.22
-
-
-
-
1.12
2.43
-
-
-
-
-
-
1.11
2.58
1.08
2.24
0.57
0.71
-
-
1.12
2.56
1.10
2.09
0.60
0.71
0.48
0.46
1.13
2.62
1.11
2.24
-
-
-
-
0.91 0.89
- 1.22 2.30
1.19
2.58
1.19
2.13
=
0.14
1.23
1.11
2.67
1.12
2.10
0.42
1.81
0.42
0.52
-
-
1.13
2.60
1.09
2.23
-
-
0.54
0.59
-
- 0.86
- 1.45
1.09
2.34
-
-
-
-
0.47
0.67
-
-
1.12
2.33
-
-
0.36
0.70
-
-
-
1.15
2.40
-
-
0.37
0.72
-
-
-
-
1.21
2.57
-
-
0.36
0.70
-
-
-
-
1.25
2.53
-
-
0.37
0.71
-
-
-
-
1.10
2.50
-
-
-
-
-
-
-
-
1.13
2.57
1.12
2.17
0.63
0.78
-
-
0.10
0.43
1.14
2.61
1.13
2.21
-
-
0.60
0.57
0.25
0.50
S- - 0.82 0.80
S- 2.15 1.96
131B 1328 133B 134B 135B 136B 137B 138B 139B 140B 141B 142B 143B 144B 145B 146B 147B 148B 149B 150B 1518
61 1.33
61 2.81
62 1.14
A2 2.41
63 -
A3 -
64
64
65 -
A5 -
Fe 2 +/ZFe -
M2/M1 Fe2+ -
1.34
2.87
1.14
2.47
-
-
-
1.12
2.66
1.13
2.20
0.40
0.96
0.13
0.54
1.15
2.61
1.11
2.16
-
-
-
1.15
2.68
1.12
2.22
1.16
2.67
1.15
2.22
1.16
2.70
1.11
2.26
1.16
2.70
1.14
2.24
1.16
2.65
1.13
2.16
1.16
2.67
1.15
2.22
1.17
2.60
1.11
2.16
1.17
2.70
1.14
2.23
1.18
2.80
1.17
2.40
1.19
2.64
1.14
2.20
1.13
2.56
1.01
2.20
0.32
0.58
1.00
2.55
1.00
2.01
0.48
0.61
1.05
2.57
1.02
2.24
0.43
1.14
0.44
0.48
1.10
2.54
1.10
2.07
0.43
1.14
0.44
0.48
- 0.38 0.46 0.83
S - - 2.45 2.54 3.61
1.10
2.54
1.08
2.16
0.34
1.02
0.46
0.51
1.11
2.58
1.13
2.02
-
-
-
-
1.12
2.51
1.07
2.23
0.34
1.13
0.46
0.52
0.75 1.00 0.53
2.41 3.16 2.79
61
At
62
A2
63
63
64
64
65
Fe2+/EFe
M2/M1 Fe2 +
-
-
1.04
2.02
0.43
0.91
0.42
0.52
1.18
2.48
-
-
-
0.38
0.11
0.82
0.82
-
1.27
2.71
1.08
2.32
-
-
-
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are compared. However, it is possible to correct for the various
reference points using standard values tabulated by Gettys and Stevens
(1981). In this paper all Mossbauer data are quoted relative to the
midpoint and velocity gradient of a metallic Fe foil spectrum, allowing
direct comparison of all results.
Mossbauer data are categorized on the basis of values for isomer
shift and quadrupole splitting which are known to be characteristic of
different types of Fe sites (Bancroft, 1973). For iron in oxygen
environments, relevant parameters (as calibrated in mm/sec relative to a
Fe foil spectrum) fall in the ranges (Dyar, 1984):
Fetet 3+: 6 = 0.15-0.30, A = 0.30-0.60
Feoct 3+: 6 = 0.35-0.50, A = 0.40-1.0
Fetet 2+: 6 = 0.90-1.0, A = 1.5-1.8
Feoct 2+: 6 = 1.1-1.2, A = 1.8-3.1
Figure 2 shows a plot of isomer shift vs. quadrupole splitting for
all the analyses collected. The Fe2+ M2 site data cluster tightly around
A = 2.58 and 6 = 1.13 mm/sec. This suggests that even over the broad
compositional (and chronological) range of these samples and studies, the
Fe2+ in M2 site remains consistently in the same oxygen environment. The
Fe2+ M1 data are slightly different; perhaps two apparent types of oxygen
environments affect them. One group of analyses lies closely around A =
2.05 and 6 = 1.12; a second, more scattered group falls around A = 2.75
and 8 = 1.16 mm/sec. For Fe2+ , lower quadrupole splitting implies more
distortion in a site (the reverse is true of Fe3+). Therefore the Fe2+
sites as a whole seem to be of three types: a most distorted Fe2+ M1
site, a consistent Fe2+ M2 site, and a most regular Fe2+ Ml site.
Possibly the geometry of the M1 site (adjacent hydroxyls) makes it more
114
Figure 2. Plot of isomer shift vs. quadrupole splitting (in mm/sec)
for all analyses collected (see Tables 2 and 3). Following the precedent
of Bancroft and Brown (1975), the Fe3+ doublet with the largest
quadrupole splitting is assigned to represent the trans-Ml site; the Fe3+
doublet with the smaller A corresponds to the cis-M2 site. For Fe2+ , the
correspondence is reversed: small A is equated to the trans-Mi site, and
large A represents the cis-M2 site.
Fe2+
0o0
3+Fe
S= trans-M1
o= cis-M2
v= tet
*77 . • 
•
3 3.5
1.0 1.5 2.0 2.5
QUADRUPOLE SPLITTING
1.5-
1.25-
1.0-
0.75-
0.5-
0.25-
%*
0.5 3.0 3.5
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vulnerable to distortion by other cations. But the Mossbauer data also
show that the MI site can be regular as well. Perhaps the Ml data are
reacting to some compositional variable; this concept will be pursued
further in the next section.
Mossbauer data for Fe3+ sites appear to be less well defined;
however I believe the wider range of values is a problem with computer
curve-fitting routines, and not a sign of compositional effects. Both
the Fe3 + M2 and M1 values lie in a similarly spread range of 6 =
0.35-0.65 mm/sec, but each group has its own range of A = 0.11-0.80 and
0.57-1.24 mm/sec respectively. Fe3 + peaks are almost always smaller than
corresponding Fe2+ peaks in the same samples (except in ferri-annites and
ferri-phlogopites). The smaller the peaks are, the harder it is to fit a
Mossbauer doublet to them. I believe that the samples where Fe3 + A's lie
between 0.60 and 1.0 mm/sec probably represent spectra where both M1 and
M2 Fe3+ were present, but in such small quantities that it was impossible
to distinguish them. The resultant single Fe3+ doublet in such samples
thus has an intermediate value of Q.S which is probably just the average
of the A's for the two distinct sites.
In the petrological literature there is a consensus that Fe3+ does
not occur in tetrahedral sites in biotites (Guidotti, 1984), although a
few authors have made a case for Fetet 3+ when r(Si + Al) < 8 (Foster,
1960; Dawson and Smith, 1977; Delaney et al., 1980; Miyano and Miyano,
1982). However, the data compiled here from all rock types show that
Fetet3+ is frequently present (see Table 4; also Pavlishin, 1978).
Mossbauer parameters for tetrahedral Fe3+ are well-defined by studies of
tetra-ferri-phlogopite (see sample #82P) and clintonites (samples 59-63);
this knowledge helps to confirm the identification of Fetet3+ in other
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Table 4. Sample Origins
4 Massif Central Francais
8 metasomatic (ore deposit)
14 monzonite, Sierra Nevada Batholith
15-20 granodiorites, Sierra Nevada Batholith
21 Bosahan quarry, Falmouth, England
34-35 adjacent to Uranium ore
36 high amphibolite facies, gneiss SW Greenland
37 low amphibolite facies, gneiss SW Greenland
38 Revsund granite, Sweden
39 charnokite (granulite facies) Varberg, Sweden
40 metamorphosed iron formation, Sweden
41 titano-ferrous metadiabase, Nordingrd, Sweden
43-46 granites, SW England
47 granulite facies, 2 px-plag mesocratic schist
48 granulite facies, gn-hypersthene gneiss with gn-bi-sill bands
49 granulite facies, silicified gn-bi-sil gn
50 granulite facies, garnet-biotite plagiogneiss
51 amphibolite facies, gn-bi-hb metadiorite
52 amphibolite facies, gn- bi gneiss
53 amphibolite facies, biotite plagiogranite
54-55 intrusive carbonates, Gatineau region, Quebec
56-58 phlogopite-calcite, px vein dikes
59 clintonite with fassaite, grossularite, spinel, perovskite
60 clintonite with fassaite, grossularite, calcite, clinochlore,
magnetite
61 clintonite with fassaite, pargasite, chondrodite, calcite, spinel,
graphite
62 clintonite with fassaite, calcite, monticellite: contact marble
72 monzonite, Sierra Nevada batholith (same as 15)
73 granodiorite, Sierra Nevada batholith (same as 16)
74 granodiorite, Sierra Nevada batholith (same as 17)
75 granodiorite, Sierra Nevada batholith (same as 18)
76 Pikes Peak granite
77 Lost Creek, Montana yranite
78 Cape Ann granite
79 banded iron formation, with riebeckite, hem, mag, qtz, ank, stil.
80 banded iron formation, hematite nebeckite low grade
81 banded iron formation, "higher grade"
83 garnet, sillimanite, muscovite, quartz, plagioclase, rutile
84 garnet, sillimanite, muscovite, quartz, plagioclase, rutile
94; 96 banded iron formation, Marquette Iron Range
111 granodiorite, Nova Scotia
118-119 pegmatites of Ukrainian shield
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samples where its presence might not be expected. Of the comprehensively-
collected Mossbauer data reported in this study, 31 samples were found
to contain Fetet 3 + with parameters averaging 6 = 0.20 and A =
0.50 mm/sec. Twenty of those samples were from compositions where Si +
Al was less than 8; 11 of them were from samples where Si + Al was more
than 8. This observation will be discussed in a later section.
In summary, the Mossbauer data collected for this study represent
five kinds of Fe sites in the trioctahedral mica structure: Fe2+ in M2
and Ml, and Fe3+ in M2, Ml, and tetrahedral sites. In these data there
might also be an intervalence doublet; it is known from optical spectra
that charge transfer between edge-shared Fe2+ and Fe3+ octahedral should
occur (Gilkes et al., 1972; Robbins and Strens, 1972; Smith, 1978). In
fact, biotites are pleochroic because of this intervalence phenomena.
The intensity of the Fe2+ absorption band in an optical spectrum may be
increased by up to two orders of magnitude by interaction with Fe3+
(Rossman, 1984). If such ubiquitous intervalence charge transfer occurs
in biotites, why doesn't it show up in the Mossbauer spectra (as it does
in ilvaite, magnetite, and a host of other minerals, (Burns, 1981)?
This question can be answered with a brief explanation of the
difference between the two types of mixed valence interactions (Nolet and
Burns, 1979). The term charge transfer is normally applied to dynamic
optical (phonon) transitions, as have been observed by the workers listed
above. Electron delocalization refers to thermally activated phenomena
as observed in a Mossbauer spectrum. In the case of biotite, the optical
transition is easily observed, but thermal interactions are not observed
at room temperature. Probably the charge transfer in biotite is occurring
too slowly or too rapidly to be measured by the Mossbauer effect.
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Effects of Composition on Mossbauer Parameters
Heller-Kallai and Rozenson (1981) listed six factors which they
believed affected Mossbauer parameters of octahedral sites in
phyl osilicates:
1. nature of the octahedral sheets
2. iron content of the samples
3. chemical composition of the octahedral sheets
4. nature and distribution of next-nearest neighbors
5. geometry of the sites
6. covalency effects
Since all the samples considered here are trioctahedral micas, factor #1
should not influence the data. Covalency effects are probably only
important in dioctahedral micas, where they arise as a result of the
larger size of the often vacant M1 sites. The other factors all depend
on the effects of composition.
To investigate possible links between composition and Mossbauer
parameters, the data in Table 2 were used to perform repeated linear
regressions of every single compositional variable and Mossbauer
parameter against every other single variable or parameter. Multiple
correlation coefficients (R) were computed for each pair of variables,
and are listed in Table 5 (the gray area highlights Mossbauer
parameters). Note that R = 1 represents a perfect linear correlation,
while R = 0 denotes the absence of correlation. R is calculated here
such that it is always positive. Correlation coefficients for the
Mossbauer parameters are highlighted with gray; values of R > 0.50 are
italicized and underlined.
Table 5. Correlation Coefficients (R) for Mossbauer and Compositional Parameters Regressed Against One Another
Si4 + Al3+ Fe3+ A13+ Ti4+ Fe3+ Mg2+ Fe2+ Mn2+ Lil+ * Ca Na K 61 61 62 62 63 A3 64 A4 65 A5 %Fe2+ M2/
IV IV VI VI MI
0.96 0.04 0.15 0.11 0.07 0.19 0.13 0.11 0.29 0.00 0.84 0.08
0.31 0.19 0.09 0.07 0.16 0.16 0.14 0.22 0.04 0.78 0.05
0.17 0.08 0.04 0.02 0.16 0.03 0.17 0.03 0.07 0.11
0.25 0.17 0.59 0.01 0.08 0.53 0.10 0.14 0.26
0.34 0.16 0.31 0.13 0.34 0.12 0.25 0.05
0.31 0.40 0.05 0.19 0.04 0.19 0.14
0.66 0.03 0.45 0.08 0.31 0.37
0.19 0.15 0.18 0.36 0.31
0.04 0.90 0.08 0.19
0.04 0.11 0.16
Si4 +
Altet 3+
Fetet 3+
Aloct 3+
Feoct 3+
Mg2+
Fe2+
Mn2+
Lil+
others
Ca
Na
K
I.S. 1
Q.S. 1
I.S. 2
Q.S. 2
I.S. 3
Q.S. 3
I.S. 4
Q.S. 4
I.S. 5
Q.S. 5
Fe2+/SFe
M2/M1 Fe2+
0.81 48 0.23 0 4 .14 0.14 .1 02 0.42
0.74 0.41 2 01 0910 04$ {I.04 1.0$ 0.00.03 0.29
0.10 10 0 . 6 0.35
0.01 0, 0 91 I 0 0 2 .2 .7 0 0 ,05 0.04
0.21 ,1 0 14 00 :0.1 0 0.4Z 0.39 036 0.fl 0.23
0.13 , 0. 1 . 8 12 .24 4 0.38 0,29 025 0.25 0.01
0.35 0. 4 .2 0 " 0 007 010420 0.33 023 0. 23
0.36 00.8 028 tl.1 0. .01 0.01 04. %44 $ix. 24 .26
0.02 Q.4. 48 0 3 0.0 .7 :0 .0 0.2i 047 0.36
0.15 02 0. 1 0. 13 0.15
0.02 4 ;0s ; 2 0 00 09 10 0100,5 461 0.39
0.95 0S.'4042 001 04022 .2 0,39 , 0.45
0.02 1 .08200. 14 Oi 0.1 0.03
0 7 0.34 0.44
0420 9 01 .23 0.13 0,13 0 36.l3: 0 34
0200 00 023 02. 021 0.7 0.34
0 0 g 0 0.24 0.10
S0.42 0.43 9 0.23
41.40 0,42 0.24
0.55
.:: 0 20
0.16
0.02
0.01
0.05
0.02
0.01
0.19
0.24
0.17
0.16
0.20
0.12
0.06
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A few obvious correlations exist: (1) 6 and A of the same peak
always correlate; (2) the presence of Fetet 3+ correlates with the 6 and A
of that doublet. Uther apparent relationships are probably not
significant: (1) Ca in the interlayer site and "other octahedral"
cations are not present frequently enough, and (2) Fetet 3+ 6 and A are
related to Fe2+/total only because the small Fe3+ tetrahedral doublet is
not likely to be resolved in low Fe3+ samples.
A few correlations with coefficients > 0.5 do emerge: Si vs. Fe2+
M2 A (0.50), K vs. Fe2+ M2 6 (0.52) and A (0.54), and Fe2+/total Fe vs.
Fe2+ M2 6 (0.61) and A (0.62). However, these correlations are not
significant; they merely reflect the fact that the Fe2 + M2 data are so
consistent and independent of the compositional variables. Plots of Fe2+
vs 6 and vs. A are shown in Figure 3a and 3b. These plots have "good"
correlation coefficients (0.61 and 0.62, respectively) but do not suggest
any causal relationship between variables. This reinforces the earlier
conclusion that the size and symmetry of the Fe2+ M2 site appears to be
independent of compositional factors.
As mentioned earlier, the fact that Fe2+ M1 quadrupole splitting
values cluster in two groups might be attributed to some compositional
effect. Unfortunately the results of Table 5 fail to show any ties
between Fe2+ Ml A and any other single variable. Plots were prepared to
show Fe2+ M1 A vs. several other variable combinations, including total
Al; total Fe; Si/Al ratio; average size of tetrahedral, octahedral, and
interlayer sites; and octahedral and interlayer vacancies. None of these
variables shows any causal relationship with Fe2+ M1 A. One of two
conclusions may be drawn: either the Fe2+ M1 A values are totally random
and meaningless, or the Fe2 + M1 A values depend on some other variable
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Figure 3. Plots of the percent of total Fe which is Fe2+ vs. (a)
isomer shift and (b) quadrupole splitting for two Fe2+ M2 sites. Note
that both plots have relatively high correlation coefficients (0.61 and
0.62, respectively) but do not suggest any causal relationships between
variables.
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which is not compiled by this study. The latter hypothesis seems more
likely; perhaps the M1 site with its trans hydroxyls is somewhat
vulnerable to OH-, Cl-, and F- substitutions. If complete data sets,
including hydroxyl, C1 and F contents for each sample, were available, it
might be possible to conclude more positively about the effects of
composition on Fe2 + Ml. At this point it can only be said that the Fe2+
M1 parameters do not appear to be a function of any single compositional
variable or of any of the combinations listed above. Other variables not
tabulated here, such as temperature, pressure, f02 , etc., may be
influencing the Fe2 + M1 parameters.
Site Occupancy Data Applied to Crystal Chemistry
Perhaps the most exciting aspect of this literature review is that
it has yielded a unique set of site occupancy data for trioctahedral
micas. Because the Mossbauer effect can provide quantitative site
occupancies of each of the five types of Fe sites, the data set collected
here contains a complete and detailed description of cation substitutions
in the trioctahedral micas. A glance at the relative cation sizes in
Figure 1 will explain why the detailed Fe data are so important; Fetet 3+ ,
Feoct3+, and Feoct 2+ are very different in size. It is clear that a
standard microprobe analysis, which yields only total FeO, cannot
completely explain cationic substitutions involving Fe. Therefore
Mossbauer data are invaluable in helping to understand crystal
chemistry.
Precision of Site Occupancy Data
Before exploring the relationships of this complete data set, it is
important to add a few cautionary notes on the reliability of site
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occupancy data generated by fitting of Mossbauer spectra. Preliminary
work on the precision of the Mossbauer technique in simple spectra
suggests that area data are good to + 3% of the total area. This
represents a lower limit on the technique. Furthermore, there is often a
problem with preferred orientation of the samples; the platy habit of
mica flakes is very difficult to overcome experimentally. Hogg and Meads
(1970) suggested that this problem is overcome if the particle size in
the sample holder is below 5 pm. Careful sample preparation, including
mounting the particles with some inert medium to prevent their becoming
oriented, is always called for in mica studies. However, in a survey
paper such as this one it is impossible to determine how each sample was
prepared. Any highly anomalous area data may be the result of faulty
sample preparation, although it is to be hoped that such carelessness is
rare.
Another problem with Mossbauer area data hinges on the undetermined
value for relative recoil-free fraction in micas. In some minerals, such
as garnets, the line strength of Fe3+ peaks can be significantly
larger than those of Fe2+ peaks (Whipple, 1974). In the garnet structure
the Fe3+ is held more rigidly in its octahedral site, such that fewer of
the Fe3+ atoms recoil than do Fe2+ in their 8-coordinated sites. The
resultant Mossbauer spectrum appears to have more Fe3+ than is actually
present, and the resultant area data must be corrected for this
differential recoil-free fraction effect. Whipple (1974) examined a
phlogopite and a biotite to determine relative line strengths but
unfortunately his results were inconclusive (Rbiotite was 1.18,
Rphlogopite was 0.78, where R = Mossbauer-determined Fe3 +/Fe2 +
ratio/chemically-determined Fe3+/Fe 2+ ratio). Thus it is not known
whether differential recoil-free fraction effects are biasing the
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Mossbauer area data.
Finally, another problem with the area data is raised by Mineeva
(1978), who pointed out the wide variation in M2/M1 ratios from Mossbauer
spectra of biotites. He interpreted the wide spread of values to be a
sign of overfitting; he concluded that only two doublets were present.
However, this author believes that the area data are real, for the
following reasons: 1) peak positions for the M2 and M1 (both Fe3+ and
Fe2+) peaks are fairly consistent throughout the 151 samples reviewed
here. If the two doublets did not really exist, the positions of all the
peaks would not be so strikingly constant. 2) There is increasingly
abundant evidence in the literature for cation ordering in micas (see
Bailey, 1975, 1984b for good summaries). It seems very likely that if
other cations are systematically ordered, Fe may also be ordered.
Furthermore, several compositional and paragenetic (e.g. temperature,
pressure, f02 , etc.) factors probably affect iron distribution in various
ways. It is therefore not surprising that M2/M1 ratios are
diverse - indeed, they probably should be variable.
Possible Cations Substitutions Based on Charge Balance
The discussion of cation distributions in the previous section leads
back to the original motive of this section: the question of how
Mossbauer-determined site occupancy data can be applied to crystal
chemical problems. Early work on the stability and phase relations of
iron-bearing biotites by Eugster and Wones (1962), Wones (1963), Wones
and Eugster (1965) and Rutherford (1969) refined our understanding of the
biotite stability field as a function of three types of cationic
substitutions:
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1. interlayer substitutions: K+ - Na+ - Ca2+ - H30+
2. octahedral substitutions: A13 + - Ti 4 + - Fe3+ - Mg2 + - Fe2 +
Mn2+ - Li + -
3. tetrahedral subsitutions: Si4+ - A13 + - Fe3+
Anionic substitutions also occur; these include: OH- - F- - Cl- - 02-.
All these substitutions can be expressed using the algebraic and geometric
approach to composition space (Smith, 1959; Perry, 1967, 1968; Thompson,
1979, 1981, and 1982a, b), which treats substitutions as vector
representations of interactions between different exchange components.
Some of the most important substitutions in micas include:
KNa-1 in the A (interlayer) site
FeMg- 1  in the octahedral site
AloctAltetMg-1Si-1 (Tschermak exchange)
SiNaAl-loctO ( Edenite substitution)
F(OH)-1
C1(OH)- 1
Fe3+Al -
TiFe2+Fe-23+
and various combinations of these (and other Mn and Li vectors as well).
These substitutions are based on maintenance of charye balance within the
structure. Mossbauer data are important in developing our understanding
of these substitutions because they distinguish the Fetet 3 + , Feoct 3+ , and
Feoct 2+ components.
The data set in Table 2 provides a basis for some interesting
analyses of these various exchange vectors. As before, correlation
coefficients for compositional variables regressed against each other (two
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at a time) are given in Table 5. The strongest correlation is between
Si4+ and Altet 3+ (r = 0.96); this is to be expected since Altet 3 + is
usually calculated as 8 - Si4 +. Ca and K have the same
characteristic - they nearly fill the interlayer A site, and their sum is
almost always close or equal to two. Si and Altet 3 + have high R values
vs. K and Ca because the clintonite data (high Ca and high Al) are in the
data set; this sets up two groups of tightly-clustered values
(biotite-plus-phlogopites: high K, high Si, and clintonite: no K and low
Si) such that the regression line between the two tight groups has a high
R. Without the clintonite data, Si-Ca, Si-K, Altet3+-Ca, and Altet 3+-K do
not correlate significantly. Mn and "other" cations correlate highly
strictly by chance because there are only a very few analyses where either
is present (probably because most analysts who look at Mn content also
look at other less common cations). Altet3+and Li+ (R = 0.53) are weakly
related, perhaps because the more highly charged Aloct 3 + is needed in the
structure when the lower charged Li+ is present (Dutrow et al., 1984).
plot.
The FeMg- 1 exchange vector is common in nearly all the micas studied
here, as Figure 4 shows. Even given the random compositional nature of
the data, this is not surprising. The FeMg- 1 exchange is pervasive over
a large number of different types of micas.
Table 5 is limited in its usefulness because it only assesses
relationships between single variables. Coupled substitutions have
proved to be much more useful in unravelling the complexities of mica
crystal chemistry (e.g., Forbes, 1972; Bohlen et al., 1980; Holdaway,
1980; and Labotka, 1983; Dymek, 1983; Cerny and Burt, 1984; Guidotti,
1984a). Unfortunately there is no easy way to systematically evaluate
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Figure 4. Plot of the FeMg- 1 exchange vector. Octahedral Fe2+ is
correlative with Mg in a one-to-one relationship.
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all possible combinations of the known variables. However, many of the
most likely exchange vectors from the above references were tested to see
if they help to describe the Mossbauer-generated data set. The only
likely group of coupled substitutions which was found to apply to this
data base of specimens from scattered parageneses is the "Tschermak"
substitution: AloctAltetR-12+Si-1, and its linear combinations with Ti
and Fe3+: Fetet 3+Altet-1 and TiFe2+Fe-2 3+. These are shown in
Figures 5a, b, and c. The scatter in these plots is probably due to
other types of substitutions. Unfortunately, parayeneses are not often
listed in Mossbauer papers on micas (see Table 4). Attempts were made to
determine if sample origin was affecting the scatter in the Tschermak
substitutions, but unfortunately there were insufficient parayenetic data
to enable any conclusions to be drawn. A study of biotite assemblage and
grade vs. cation distribution is currently in progress by this author and
D. Hickmott; it is hoped that any potential correlation might be
elucidated.
Structural Changes Based on Cation Size
The conception of exchange vectors and their role in mica crystal
chemistry is firmly based on the principle of maintenance of charge
balance in the structure. However, as was discussed in the Introduction,
the sizes of substituting cations also affect the structure. Hazen and
Wones (1972) found a strong correlation between ionic radius of R2+ and
bm which is intuitively obvious when the wide range of cation sizes is
considered (see Figure 1). Tetrahedral rotation may also accommodate
size differences between tetrahedral and octahedral layers. It is known
that a is minimized when octahedral cation radius increases to U.76 A
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Figure 5. Plots of the Tschermak substitution vectors: (a)
AloctAltetR-1 2 +Si-1 and the (b) ferri-Tschermnnak and (c) Ti-Tschermak
variations. Scatter in these plots is due to other substitutions.
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(Hazen and Wones, 1972); it is also known the a may be as large as 220 in
clintonites, where the low Si/Altet ratio compensates for Ca substitution
in the A site (Annersten and Olesch, 1978). Data assembled for this
review provide yet another important constraint on Si/Altet as a function
of cation size, as follows:
It was noticed that in 11 of the 31 Fetet3+-bearing samples, total
Si + Al > 8. Tetrahedral A13+ is apparently displaced by Fe3+ . This does
not comply with crystal-chemical expectations; the small A13 + cation
should have a greater site preference for the smaller tetrahedral than
the larger Fetet 3+! Contrary to the results of Annersten and Olesch
(1978), Figure 6 shows that Si/Al ratios do not particularly control this
substitutional phenomenon: triangles representing Fetet 3+-bearing
samples with Si + Al > 8 are intermixed with the circles for Al-deficient
(Si + Al < 8) Fe3+ samples (except for the clintonite data which have
Si/Al < 1). If Si/Al ratio does not control Fetet3+ in non-Al-deficient
samples, what does?
Annersten and Olesch (1978) postulated that the effect of Ca in the
interlayer sites was to increase the relative size of the tetrahedra,
making it possible for the larger Fe3+ cation to enter. As Figure 7'
shows, the size of the A site cations does not appear to correlate with
Fetet 3+ displacing Al. However, Figure 8 demonstrates that the
phenomenon does occur when the average size of the octahedral cations is
low (< 0.68 A). This is not surprising. In order to have large enough
tetrahedral sites, the octahedra must flatten or the tetrahedra must
rotate. In this case, it appears that the octahedra are slightly
flattened due to the small size of their cations; therefore large
tetrahedral sites are available. In such a scenario, the larger Fetet 3+
cation displaces Altet 3+ because a) Fe3+ fits well in the large
137
Figure 6. Si/Al ratio plotted against Fetet 3+ cations for samples
where Fetet 3+ > 0. Triangles represent data for samples where
Si + Al > 8, and circles represent Al-deficient micas. The five lowest
triangles are clintonite data from Annersten and Olesch (1974).
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Figure 7. Average size of the A site interlayer cations plotted
against Fetet 3+ content, with triangles representing samples with
Si + Al > 8. There is no apparent division between triangles and circles
(Al-deficient micas).
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Figure 8. Average size of the octahedral cations vs. Fetet3+
content. Triangles represent samples where Si + Al > 8. Note that when
octahedral cation size is less than ~0.68 A, Fe3+ substitutes into the
tetrahedral position regardless of how much Al is present.
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tetrahedra, and b) Altet3+ is smaller than Fetet3+ and is therefore
"happier" in the smaller octahedra.
Cation Ordering
Crystal structure refinements are the standard method for
examination of cation ordering in micas; literature data are
summarized in Bailey (1984a). He showed that tetrahedral cation ordering
does occur (albeit infrequently) in micas.
On the other hand, octahedral cation ordering is more common.
Although early studies found little or no evidence for significant
ordering of Mg and Fe in micas (Goodman and Wilson, 1973; Hazen and
Burnham, 1973), subsequent workers have suggested that Fe2 + prefers M2
(Annersten, 1975), or M1 (Levillain et al., 1981), and that Fe2+ in low
grade metamorphic biotites is ordered in M2 (Heller-Kallai and Rozenson,
1981) or in M1 (Annersten et al., 1974). Ohta et al. (1982) postulated
that partial cation ordering of Fe3+ in M2 may occur, but Fe2+ is
randomly distributed over the two M2 and one M1 sites in each unit cell.
The lack of agreement between workers probably stems from the fact that
cation ordering is a complicated process with no simple laws.
The Mossbauer effect is of limited use in deciphering site
occupancies in micas because it can only describe the location of Fe
cations in the structure. The data collected in this study demonstrate
that the ratio of Fe cations in the cis-M2:trans-M1 sites is rarely 2:1.
This suggests that some cation ordering is occurring in the octahedral
layer. It is tempting to assume that only Fe and Mg are ordering; such
an assumption would allow development of an equilibrium constant for
Fe/Mg ratios in the two different sites. However, it is impossible to
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determine from Mossbauer data alone which of the many cations in the
octahedral sites are ordering (especially in micas with such varied
compositions and parayeneses).
The lack of a simple explanation for M2/M1 ordering is supported by
the data in the far right hand column of Table 5; it appears that Fe2+
M2/M1 is not affected by any of the single compositional variables
listed, including Fe2+/EFe. An attempt was made to correlate M2/M1
ratios with parageneses listed in Table 4. However, there is not enough
detailed information to make a worthwhile comparison. Intuitively, it
does seem logical to link sample origin with cation ordering; the M2 and
M1 sites are slightly different energetically (as are the substituting
cations). Given a long enough time period for equilibration, the M2 and
M1 positions ought to be preferentially occupied by those cations for
which the sites are energetically favorable. A more dedicated study of
sample paragenesis vs. ordering of cations among M2 and M1 sites, using a
large number of compositionally similar (and simpler) samples, is
certainly needed to determine the systematics of cation ordering
processes. In the context of this literature review, it can only be said
that Fe2+ M2/M1 is highly variable (from 0.70 to 5.14) and does not
appear to be a simple function of any single compositional variable,
including Fe2+/EFe.
Conclusions
This review of Mossbauer studies of trioctahedral micas has sought
to organize the many relevant studies and to highlight the three major
conclusions which can be drawn from such a data base:
145
1. Typical values for Mossbauer parameters of different mica sites
are:
Fe2+ M2: 6 = 1.13, A = 2.58 mm/sec
Fe2+ Ml: 8 = 1.12 and 1.16, A = 2.05 and 2.75 mm/sec
Fe3+ M1: 6 = 0.40, A = 0.55 mm/sec
Fe3+ M2: 6 = 0.40, A = 1.00 mm/sec
Fe3+ tet: 6 = 0.20, A = 0.50 mm/sec
Authors who publish papers with values that are significantly different
from those listed here should be prepared to explain why their values are
so variant. It is also noteworthy that no Mossbauer evidence for a
doublet representing intervalence Fe3+ + Fe2+ delocalized species has
been found.
2. The effects of composition on Mossbauer parameters appear to be
minimal, although the more variable Fe2+ M1 site parameters could be
affected by OH, F, and C1 substitutions which are not compiled here.
3. The addition of the Mossbauer site occupancy data to
compositional information shows that (a) FeMg-1 and Tschermak
substitutions are most common; (b) tetrahedral AlFe-1 3 + may be controlled
by octahedral cation size; and (c) M2/M1 cation ordering is ubiquitous,
with insufficient evidence to infer its systematics.
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Abstract
Iron-bearing micas are of fundamental importance to many aspects of
earth sciences. To assess the structural role of iron in micas,
Mossbauer spectra were measured on a suite of seventeen ferruginous
samples from a range of compositions and parageneses. Characteristic
spectra include a consistently-positioned doublet representing cis-M2
octahedral Fe2+, a more variable trans-Ml Feoct 2+ doublet, two Feoct 3+
doublets with a range of Mossbauer parameters, and a Fetet 3+ doublet.
Effects of sample preparation on Mossbauer spectra are discussed, and
evidence for Fe cation ordering is presented.
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Introduction
Iron-bearing micas play a prominent role in the earth sciences
(Bailey, 1984a). In petrological studies, they serve as oxygen fugacity
indicators and as geothermometers in igneous and metamorphic rocks; in
the sedimentary environment, they influence redox, dehydroxylation and
cation exchange reactions; and in mineral physics, they influence
optical, spectroscopic and electron transport measurements. Applications
of these chemical and physical properties to geochemical and geophysical
investigations depend heavily on a precise knowledge of the crystal
chemistry of iron cations in the mica crystal structure. As a result,
there have been numerous analytical, structural and spectroscopic
measurements of ferruginous micas aimed at identifying coexisting Fe2+
and Fe3 + ions and their distributions in the crystal structures of
several mica polymorphs. However, the literature on iron-rich micas is
fraught with inconsistencies concerning the oxidation states,
coordination numbers, and site occupancies of iron cations in the mica
structure. Many of these ambiguities stem from incorrect interpretations
of the Mossbauer spectra. This chapter aims to clarify some of the
confusion over the crystal chemistry of iron-bearing micas.
Some of the problems which surface upon perusal of the literature on
iron-bearing micas include:
(1) nomenclature. The names ferruginous biotite, annite, lepidomelane,
siderophyllite, ferriannite, and monrepite have been applied to iron-rich
micas, often with little regard to historical sequence. The connotations
and limitations of each of these names need to be clearly defined.
(2) cation site terminology. Most mica structures contain two octahedral
and one or two tetrahedral positions, as well as interlayer positions.
158
However, tne nomenclature of the two octahedral sites, in particular, is
inconsistent and needs to be unified.
(3) ferric iron site occupancy. A fundamental question is whether or not
tetrahedrally coordinated Fe3+ ions exist in these micas, the bulk
compositions of which usually contain adequate Si plus Al to fill the
tetrahedral sites.
(4) preferred orientation. The perfect basal cleavage of micas renders
them highly vulnerable to preferred orientation of the platelets when
specimens are mounted for x-ray diffraction and Mossbauer spectral
measurements of powdered specimens. The adverse effects of preferred
orientation on relative intensities of peaks in spectrograms need to be
critically examined.
(5) ferric/ferrous ratios. Mossbauer spectroscopy has high potential for
determining proportions of Fe3+ and Fe2+ rapidly and non-destructively.
However, accuracies may be affected by effects of preferred orientation,
different recoil-free fractions for Fe3+ and Fe2+ ions, and problems of
peak resolution and assignment.
(6) atomic substitution. The influence of compositional variations,
vacancies and local charge imbalance induced by the substitution of Fe3+,
Ti 4+ , and Al 3+ for Fe2+ and Mg2+ in the octahedral sites needs to be
evaluated. Also, effects of replacement of OH- by F-, Cl-, and 02-, and
influences of non-stoichiometry of K+, Na+, Ca2+, etc., in interlayer
sites need to be assessed.
Many of these problems are addressed here, where the focus is on 1M
trioctahedral micas. Following a brief review of the nomenclature of
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iron-rich micas, essential features of the mica crystal structure are
described leading to a corrected designation of the cation sites. New
Mossbauer spectral measurements are then described for a suite of natural
and synthetic Fe micas representing diverse chemical compositions,
crystal chemistries, and parageneses. Results of iron site occupancies
are subsequently correlated with structural and bonding features of the
mica crystal structure.
Nomenclature
The name phlogopite has a precise connotation for the composition
KMg 3 [Si 3 A101 0 ](OH) 2 , while biotite implies atomic substitution primarily
of Fe2+ for Mg2+ in this trioctahedral mica. However, some confusion
exists over the nomenclature of iron-rich micas, particularly those
containing Fe3+ ions, and some of the names that have been proposed are
listed in Table 1. Winchell (1925) applied the name "annite" to a
hypothetical Fe2+ analogue of phlopite, and this was used by him as one
of the four components -- phlogopite, annite, ferriphlogopite, and
ferriannite -- to define biotite compositions. However, the name
"annite" was originally given by Dana (1868) to a ferric-rich biotite
from the type-locality at Cape Ann, Massachusetts, which had earlier been
described, analysed and named "cryophyllite" by Cooke (1867). Therefore,
the name that Dana gave to a Fe3+-rich mica was mis-applied by Winchell
to the hypothetical divalent iron mica which was assumed to contain no
trivalent iron (Foster, 1960, p. 29). Dana (1892) listed lepidomelane as
a variety of black biotite characterized by large amounts of ferric iron.
Foster (1960, p. 31) pointed out other ambiguities, but recommended
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TaDle 1. History of Nomenclature of Iron-rich Micas
Term Reference Context/Oriyin
cryophyllite
annite
annite*
lepidomelane
lepidomelane*
siderophyllite*
monrepite
ferriannite*
Cooke, 1867
Dana, 1868
Winchell, 1925
Dana, 1892
Foster, 1960
Foster, 1960
Wahl, 1925
Wones, 1963
Donnay et al., 1964
Fe3+-rich biotite from Cape Ann,
Massachusetts
Fe3+-rich biotite from Cape Ann,
Massachusetts
hypothetical Fe2+ analogue of
phlogopite, KFe 32+[Si 3 Al0 10 ](OH) 2
black biotite with substantial
Fe3+
K(Fex2+Fey3+) x+y[Si 3 A10 1 0 ](OH) 23.00>x>1.5, O<y<1.00
K(Fex2+Fez 3 + )x+z[Si3A10 1 0 ](OH) 23.00>x>1.50, O<z<1.00
non-aluminous, ferro-ferri mica
KFe 32 + [Si 3 Fe3 +010 ](OH) 2
*Nomenclature used in the present study
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applying the name lepidomelane to micas having compositions
K(Fex 2 +Fey 3 +)x+y[Si3A10101(OH)2, where 3.00>x>1.50 and O<y<1.00.
She also recommended (Foster, 1960, p. 30) that the name siderophyllite
be applied to aluminous biotites having compositions
K(Fex 2+Alz)x+z[Si3Al01](OH)2 where 3.00>x>1.50 and O<z<1.00.
Note that each of these species names -- lepidomelane, siderophyllite and
Dana's original annite -- imply that Si and Al fill tetrahedral sites and
that Fe3+ ions occur in octahedral coordination. The existence of
tetrahedrally coordinated Fe3+ ions was recognized by Wones (1963) when
he described the synthesis of KFe 32+[Si 3 Fe3 +O1o](OH) 2 . However, Wones
(1963), and later Donnay et al. (1964) in their structure determination
of this synthetic iron-rich mica, designated the phase as 'ferriannite'
and utilized quotation marks because the composition had not yet been
found in nature. Wahl (1925), however, had previously described a
ferro-ferri-mica from Rapakivi granite in Finland with a (non-aluminous)
composition paralleling the phlogopite-lepidomelane series, and had
proposed the name "monrepite". Subsequently, iron-rich, Al-poor micas
from West Australian banded iron formations have been described (Miyano
and Miyano, 1982; M. J. Gole, unpublished data) and named ferriannites.
Among the Ca-bearing brittle micas, the names "clintonite" and
"xanthophyllite" have been used, but clintonite takes historical
precedence (Forman et al., 1967).
In the present study we adopt the names annite, ferriannite,
lepidolite, and siderophyllite as defined stricto senso in Table 1.
Phlogopite and biotite refer to Mg-rich and intermediate My-Fe 2+
compositions, respectively, while ferriphlogopite and ferric biotite are
used to designate corresponding tetrahedral Fe3+-bearing compositions.
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Crystal Structure of 1M Micas
The foregoing survey of mineral names indicates how the nomenclature
of iron-rich micas has been influenced by the valences and implied
coordination numbers of iron cations in the crystal structure, as well as
by more conventional bulk composition criteria. A further degree of
sophistication of mica mineralogy is related to the site occupancies of
the cations. In these phyllosilicates, the structures are characterized
by two layers of corner-sharing silicate tetrahedra, three oxygens of
which (the basal 01 and 02 oxygens) are linked to form an infinite
two-dimensional network of pseudo-hexagonal rings, between which are
located cations in octahedral coordination. Features of the structure
are illustrated in Figure 1. The oxygen coordination polyhedra
surrounding these octahedral sites comprise the fourth unshared oxygen
atom (the apical oxygen) supplied by two pairs of silicate tetrahedra
situated on either side of the octahedral layer and by two hydroxyl
anions located near the centers of the hexagonal rings. Two different
octahedral sites are distinguished by the configuration of the OH- ions.
One site, designated cis, has the two hydroxyls on adjacent corners of
the octahedra; the other site, designated trans, has the two hydroxyls on
opposite sides of the octahedron. The ratio of cis-octahedra to
trans-octahedra is 2:1. In dioctahedral micas (e.g. muscovite), cations
are located primarily in the cis-octahedra, whereas both cis- and
trans-octahedra are filled in trioctahedral micas. Thus, in the
muscovite crystal structure, only one octahedral Al position -- the
cis-octahedron -- is defined, for which the mean A13 +-0O distance is about
1.95A (Radoslovich and Norrish , 1962; Richardson and Richardson, 1982).
The vacant trans-octahedron is much larger in muscovite, having
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Figure 1. Schematic diagram of the mica crystal structure, showing
the tetrahedral-octahedral-tetrahedral layers with K cations in the large
twelve-fold sites between layers. View of the octahedral layer alone
shows the 2:1 distribution of cis-M2 to trans-Mi sites.
0 0 0
- 0 0
,- X O-~ o
0
00
M2
M1
bl
a-I
0
0
(ci s)
(trans)
0 0
Si
K
0
OH, F
165
dimensions corresponding to a mean cation-oxygen distance of about 2.20A.
Following the terminology of Pabst (1955), adopted by Bailey (1977,
1984a), the two octahedral sites in both dioctahedral 2M1 and
trioctahedral 1M polytypes are now designated as the cis-M2 and trans-Mi
octahedra. This standardization of octahedral site nomenclature is
important because one ambiguity in mica Mossbauer spectroscopy has arisen
from switching of the M1 and M2 site designations.
Numerous structure refinements have been made of IM trioctahedral
micas (Bailey, 1974, 1984a), and data relevant to the present study
are summarized in Table 2. In phlogopites, biotites and annites the
average metal-oxygen distances of the cis-M2 and trans-Ml octahedra are
comparable, and the dimensions of both sites increase with rising Fe2+
content. The larger dimensions of the tetrahedral sites of
ferriphlogopite and ferriannite correlate with Fe3+ ions replacing A13 +
ions in these sites.
Previous Mossbauer Spectral Measurements
Numerous studies have been made of natural, synthetic, oxidized,
heat-treated and irradiated iron-bearing micas. References to most of
the earlier Mossbauer spectral measurements of phyllosilicates are cited
by Heller-Kallai and Rozenson (1981) and in Chapter 3. The Mossbauer
spectra of micas usually contain contributions from coexisting Fe2+ and
Fe3+ ions. In most specimens, two ferrous doublets were resolved, the
outer doublet with larger quadrupole splitting generally being assigned
to Fe2+ in cis-M2 sites and the inner doublet with the smaller quadrupole
splitting to Fe2+ in trans-Ml sites for both dioctahedral and
trioctahedral micas. However, in some reports (Goodman and Wilson,
Table 2. Structural Data for Selected Trioctahedral
Mineral Average (Ranges) Metal-Oxygen Distances (A) Reference
cis-M2 trans-Mi Tetrahedral
octahedra octahedron site
phlogopite 2.064 2.076 1.654 a
(2.063-2.075) (2.063-2.076) (1.627-1.654)
biotite 2.068 2.086 1.659 b
(2.004-2.118) (2.053-2.102) (1.655-1.667)
annite 2.101 2.121 1.659 c
(2.083-2.112) (2.119-2.123) (1.663-1 .666)
oxybiotite 2.U59 2.077 1.6b5 d
(1.947-2.142) (2.031-2.100) (1.650-1.668)
ferriphlogopite 2.105 2.101 1.681 e
ferribiotite 2.098 2.111 1.676 f
ferriannite 2.106 2.107 1.685 g
(2.075-2.132) (2.074-2.123) (1.670-1.697)
clintonite 2.020 2.046 h
a: Zvyagin and Mishchenko, 1962; Joswig, 1972; McCauley et al., 1973;
Hazen and Burnham, 1973; Rayner, 1974.
b: Takeda and Ross, 1975.
c: Hazen and Burnham, 1975.
d: Ohta et al., 1982.
e: Steinfink, 1962.
f: Semenova et al., 1983.
g: Donnay et al., 1964.
h: Joswig and Takeuchi, in preparation (cited in Guggenheim, 1984).
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1973; Goodman, 1976; Finch et al., 1982), these Fe2+-peak assignments
were reversed. Wide ranges of Fe2+ isomer shift and quadrupole splitting
parameters are reported in the literature (see reviews by Heller-Kallai
and Rozenson, 1981; and Chapter 3), which hint at misfitting of the
Mossbauer spectra. The problems are even more serious for ferric peaks
which often have been resolved into two doublets, the outer (larger
quadrupole splitting) doublet usually being assigned to Fe3+ in the
trans-Mi site and the inner doublet to Fe3+ in the cis-M2 sites (Bancroft
and Brown, 1975). However, as illustrated in Figure 2, there is an
unacceptably large spread of isomer shift parameters for ferric iron in
trioctahedral micas, with some data falling beyond the range found for
octahedrally coordinated Fe3+ ions in other silicate and oxide minerals.
Again these inconsistencies suggest incorrect fitting of the Mossbauer
spectra.
Peaks attributed to tetrahedrally coordinated Fe3+ ions have been
suggested for some micas. Such an assignment is unambiguous for
ferriphlogopites and ferriannites because their compositions necessitate
substitution of Si4+ by Fe3+ in the tetrahedral sites. However, in some
Al-rich micas containing a surplus of Al3 + and Si4+ to fill the
tetrahedral sites, the parameters obtained from Mossbauer spectra fitted
to ferric doublets lie beyond the range of isomer shifts for
tetrahedrally coordinated Fe3+ ions in other minerals (Annersten and
Olesch, 1978). Again the fitting of such Mossbauer spectra is suspect
and warrants further investigation.
In a thought-provoking paper, Mineeva (1978) has drawn attention to
several factors that may complicate the fitting and interpretation of the
Mossbauer spectra of biotites. His calculations of lattice electric
field gradients (EFG) components indicate that the quadrupole splittings
168
Figure 2. Plot of isomer shift vs. quadrupole splitting (in mnl/sec)
for Fe3+-bearing micas, based on literature values summarized in Chapter
3. Filled circles represent trans-Mi sites, open circles are cis-M2
sites. Triangles show values from tetrahedral Fe3+ doublets.
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of Fe3+ ions in cis-M2 and trans-Mi sites in ideal mica structures are
almost identical, suggesting that only one ferric doublet should be
resolved. His results also suggest that Fe2+ cations probably occupy two
distinct sites, producing an outer doublet representing Fe2+ in an
idealized octahedral site, and an inner doublet due to Fe2+ in sites
affected by defects such as Fe3+ clusters and (OH)-+- F-
substitutions.
Experimental Details
Given the inconsistencies of the published Mossbauer spectral data
on micas, this study was conceived as an effort to examine several
specimens in a consistent manner, using the same spectrometer and the
same fitting program for all samples. Mica selection was accomplished
with two goals: 1) to study well-characterized samples with "known"
cation distributions, in order to establish consistent ranges of typical
parameters for iron cations in each site; and 2) to measure a suite of
natural and synthetic annites to determine their iron distributions.
Toward the attainment of the first goal, two sets of
previously-studied micas were selected for calibration procedures. Four
"typical" biotites from granitic rocks of the central Sierra Nevada
Batholith, California were generously provided by G. M. Bancroft. These
biotites were among those described by Dodge et al. (1969), who provided
powder x-ray diffraction and wet chemical analytical data on the samples.
Subsequent Mossbauer analyses of these biotites by Bancroft and Brown
(1975) indicated that they contain Fe2+ and Fe3+ in two octahedral sites,
with no evidence of tetrahedral Fe3+ . All four biotites studied here
have similar compositions (see samples 1-4, Table 3), suggesting that
their Mossbauer spectra might also be similar. This group of biotites
Table 3. Chemical Compositions of the Ferruginous Micas
1 2 3 4 5 6 7 8
MI-I SL-18 8P-1 MG-I Ferriphlog. Clint. SA2 BHD
9 10 11 12 13a 13b
GE 5-70 215-69 Lost Creek Pikes Peak
14a 14b 15 16 17
Cape Ann BF9A BF9E BFYG
Si02 3b.29 36.34
A1203 16.53 15.37
TiO2  1.54 2.76
Fe203  4.28 3.64
MJO 11.16 9.43
FeO 15.51 18.37
Mn3 0.84 0.33
Cad 0.D7 0.54
Na20 0.3J 0.25
Kd 8.28 9.93
i0
+  
3.50 3.10
H20- 0.30 0.18
F- 0.40 0.28
Otners U.04 0.04
OF.,CI 0.18 0.13
Total 99.42 100.56
S1 t.488 5.512
Aliv 2.512 2.48
Fe i v
3+  
0.0J0 0.000
Sui Tet 8.JO 8.000
Al ,, 0.435 0.260
Ti 0.177 0.318
Fevi3
+  
0.437 0.415
Mg 2.515 2.132
Fe
2 +  
1.962 2.330
Mn O.1l8 0.042
Sum Oct 5.624 5.497
Ca U.092 0.088
Na O.Od8 0.074
K 1.597 1.931
Sun A 1.711 2.093
37.55 36.45 40.88
15.49 15.17 9.25
1.70 2.50 0.12
3.49 4.23 -
12.23 11.68 23.58
15.10 15.91 10.25
0.43 0.41 0.04
0.60 0.57 -
0.24 0.21 0.10
8.53 8.44 10.27
3.90 3.70
0.32 0.30
0.38 0.26
0.J7 0.05 -
0.18 0.12 -
99.89 99.70 94.49
5.637 5.509 6.048
2.363 2.491 1.613
0.000 O.000 0.000
8.000 8.000 7.661
0.378 0.212 0.000
0.194 0.287 0.013
0.394 0.481 0.000
2./36 2.631 5.199
1.896 2.011 1.268
0.055 0.052 0.005
5.653 5.674 6.146
0.097 0.092 0.000
8.070 0.062 0.029
1.634 1.627 1.939
1.801 1.781 1.968
17.26 38.99 33.75 38.44 - - 36.71 33.96 33.92 39.91 33.90 33.92 34.96 35.76
38.42 0.90 5.13 5.84 19.82 13.10 11.87 16.73 11.23 19.07 19.91 19.53
0.01 0.00 0.15 0.02 - 0.55 3.55 3.61 - 3.50 2.49 1.39 1.41
- 12.60 8.11 6.65 - - - 3.06 - 12.07 - - -
21.72 6.07 2.98 11.50 - - 0.04 0.97 0.89 0.62 0.31 9.52 9.53 9.61
3.84 29.60 34.88 25.15 - - 22.46 32.04 36.42 17.48 34.65 20.61 21.18 20.98
0.01 0.00 - 0.03 - - 1.60 0.65 0.64 - 0.45 0.15 U.00 0.06
12.74 0.37 0.62 0.01 - - 0.01 0.42 0.03 - - 0.01 0.00 0.00
0.00 0.00 - 0.15 - - 0.16 0.49 0.10 - 0.08 0.40 0.34 0.27
0.03 6.56 9.33 8.30 - - 9.66 8.47 8.94 10.66 8.02 8.33 8.11 8.85
3.79 0.82 -
0.01 0.34 - 1.19
94.03 97.99 94.95 96.09 - - 94.81 100.37 96.42 100.16 92.14 94.50 95.42 96.47
2.502 6.490 5.884 6.111 5.000 5.000 5.946 5.532 5.633 5.040 5.827 5.233 6.317 5.388
5.498 0.177 1.054 1.094 3.000 3.000 2.054 2.468 2.324 1.960 2.173 2.767 2.683 2.612
0.000 1.333 1.062 0.795 0.000 0.000 0.000 0.000 0.030 0.000 0.000 0.000 0.000 0.000
8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 7.957 8.000 8.000 8.000 8.000 8.000
1.069 0.000 0.000 0.000 1.000 1.000 1.731 0.048 0.000 1.025 0.103 0.701 0.887 0.857
0.001 0.000 0.020 0.002 0.000 0.000 0.068 0.439 0.455 0.000 0.457 0.292 0.161 0.161
0.000 0.245 0.002 0.001 0.000 0.000 0.000 0.3175 0.000 1.375 0.000 0.000 0.000 0.000
4.693 1.506 0.714 2.725 2.720 0.000 0.010 0.235 0.220 0.140 0.079 2.1d9 2.160 2.158
0.466 4.120 5.086 3.344 2.280 5.000 3.042 4.365 5.058 2.212 4.981 2.659 2.694 2.643
0.001 0.000 0.000 0.004 0.000 0.000 0.220 0.090 0.090 0.000 0.166 0.020 0.000 0.008
6.230 5.871 5.882 6.076 6.000 6.000 5.071 5.552 5.780 4.752 5.686 5.861 5.902 5.821
1.979 0.066 0.116 0.066 0.000 0.000 0.002 0.073 0.005 0.000 0.000 0.002 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.050 0.0155 0.032 0.000 0.027 0.120 0.100 0.079
0.006 1.393 2.075 1.393 2.000 2.000 1.996 1.760 1.894 2.058 1.769 1.639 1.5/4 1.70u1
1.985 1.459 2.191 1.459 2.000 2.000 2.048 1.988 1.931 2.058 1.786 1.761 l.b1 4 1.760
All sa ples have oeen recalcaldtud on an anhydrous basis (oxygens = 22) to facilitate comparison between microprobe and wet choeircal data.
1 Biutite IT-1, in Wheeler Crest Quartz Monzonite, Central Sierra Nevada batholith (Dodge et al., 1969; Bancroft and brown, 1975). Analysis includes 0.041 Cl.
2 Biotite SL-Id, in granodiorite of Din,:ey Creek Type, Central Sierra Nevada Batholith (DoJe -et al., 1969; Bancroft and brown, 1915). Analysis includes 0.071 CI.
3 Biotite BP-1, in linemlnaha Granodiarite, Central Sierra Nevada Batholith (Dodge et al., 1969; ancroft and Brown, 1975). Analysis includes O.0l% Cl.
4 Biotite M1G-1, in Lamark GranoJiorite, Central Sierra Nevada Batholith (Dodge et al., 1969; Bancroft and Brown, 1976). Analysis includes 0.0-% CI.
5 Ferriphloyupite, locality unknown (R. M. Hazen, personal coimllunication).
6 ClinConite, CresLoore, California. Harvard University Collection #106087.
7 Ferriannite SA-2, banded iron formation (analysed and donated by M. J. Gole). Contains 1-2% riebeckite and very fine-grained hematite.
8 Ferriannite BHD2/443, banded iron forimation (analysed and donated by M. J. Gole).
9 Ferriannite GE, Danded iron formation, Dales Gorge, liamersley Basin (Miyano and Miyano, 1982).
10-11 Siderophyllites 5-70-09 and 215-69-DW, locality unknown (Maine?), analyzed and donated by D. R. Wones. Compositions approximate.
12 Annite (siderophmyllite), Lost Creek, Montana (R. A. Robie, personal conuwinication).
13 Annite, Pikes Peak, Colorado, (Hazen and Burnham, 1972) (a) Wet chemn.; (b) microprobe.
14 Annite (lepidomelane), Cape Ann, Massachusetts, Analysis includes 0.59% Li20. (a) wet chem (Foster/old); (b) microprobe.
15-11 Biotits BF9A, IF[9E, and BF2G froin the ui 1pir grdnrlite facires, Rangeley FIm., Bellows Fails. New Ilamishire (analyzed and donated by D. Hicknrott).
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was studied to establish the range of Mossbauer parameters which might be
expected in subsequent analyses of more complicated micas.
The second set of previously-studied micas included those suspected
to have tetrahedral Fe3+. A ferriphlogopite was provided by R. M. Hazen,
and a clintonite was obtained from the Harvard University collection
(#108087).
Three ferriannites from banded iron formations were generously
provided by M. J. Gole and S. Miyano. Natural siderophyllites 5-70-DW
and 215-69-DW were lent by the late U. R. Wones. Annites from Lost
Creek, MT and Pikes Peak, CO were contributed by D. Robie and F. Barker
of the U.S. Geological Survey, and samples from the type locality Cape
Ann Annite were obtained from the MIT collection and also collected by
R. G. Burns. Biotites from the upper granulite facies of the Rangeley
Formation (Bellows Falls, NH) were lent by D. Hickmott.
Compositions of previously unanalyzed micas were measured using a
MAC-5 electron microprobe with alpha corrections. For the Mossbauer
experiments, samples were finely ground under acetone (to minimize
possible oxidation of iron) and mixed with sugar and acetone. This
method of sample preparation coats the individual biotite grains with
sugar so that each particle is spherical; this alleviates preferred
orientation of the mica flakes in the plexiglass sample holder. However,
because past studies suggested that preferred orientation effects in
Mossbauer spectral profiles are difficult to overcome, the experimental
technique described above was also tested. Biotite MT-1 was ground dry
in the mortar and pestle for 30 minutes; other aliquots were ground wet
(under acetone) for 30 minutes and for one minute, and also mounted
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"untouched" as the small flakes which were handpicked from the original
rock. Samples of the Cape Ann annite, too, were tested for effects of
orientation, and also for variation within a formation: one aliquot was
run as one single flake, and three more aliquots from different samples
were also prepared using the standard method (ground for one minute with
sugar under acetone).
Mossbauer spectra were recorded in 512 channels of a constant
acceleration Austin Science Associates spectrometer, using a 100-50 mCi
Co57 in Rh matrix source. Results were calibrated using the midpoint and
peak positions of 6 micrometer thick, 99.99% purity a-Fe foil, with
current reference values supplied by the Mossbauer Effect Data Center
(John G. Stevens, personal communication, 1984). Spectra were
transferred to a MINC LSI 11/73 minicomputer, where interactive
curve-fitting was executed. Spectra were fit using a Gauss non-linear
regression procedure with a facility for constraining any set of
parameters or linear combination of parameters (Stone et al., 1984).
Lorentzian line shapes were used for resolving peaks, as there was no
statistical justification for the addition of a Gaussian component to the
curve shape used.
Each Mossbauer spectrum was fit separately with an identical
progression of constraints. Considerable effort was made to approach
each analysis in an unbiased fashion, without prior knowledge of the
chemical composition and crystal chemistry of the sample. Each spectrum
was first fit with one doublet. When that fit had "converged" (or
reached a pre-established minimum deviation between the calculated fit
and the actual data), a new doublet was added. If the fit converged,
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additional doublets were added until the statistics of the fit ceased to
improve or until it was no longer possible to obtain a "converged" fit.
Thus, results which report only two doublet fits indicate that various
three doublet fits were attempted, but failed. For some samples it was
possible to achieve more than one (sometimes forty or fifty) different
converged fits. The "best fit" to the data for each individual sample
was evaluated on the basis of the statistical parameters calculated by
the program, including chi-squared, Misfit, and the uncertainty of the
Misfit. For comparisons between different samples, chi-squared is not
useful because it depends on the number of baseline counts of a spectrum
Ruby, 1973). However, Misfit provides a comparative goodness-of-fit
criterion and can be used to evaluate different spectra irrespective of
baseline (see Ruby, 1973 for details). Misfit may range from -1 to +1
and is optimal when it is closest to 0. The uncertainty of the Misfit
parameter, which ranges from -- to +-, is also optimal at 0, and
represents the probable uniqueness of the fit. Therefore Mossbauer data
with low Misfit and high uncertainties (greater than one) may be viewed
as good fits which adequately explain the data set but may not be unique.
The practical application of these statistical parameters is discussed
elsewhere (Dyar, 1984).
Results
The results of extensive curve-fitting of Mossbauer spectra of
seventeen ferruginous micas are presented in Table 4. The four biotites
are listed first, followed by the presumed tetrahedral micas, the large
group of natural samples, and finally the metamorphic biotites. For
such a large quantity of data it was impractical to give the standard
Table 4. Mossadur ParPdaeinters fr Iron-Bearing Micas
Fetet3+ Feoct
3 + (cis-M2) Feoct 3 * (trans-Mi) Feoct 2+ (trains-M1) Feoct 2 + (cis-M2)
%% % % % Uncer-
Saiple 5 A Area 7 6 A Area r 6 A Area p 5 A Area p 6 A Area r Misfit tainty
Biotite MT-I - - - - 0.41 0.55 16 0.39 0.42 1.24 11 0.39 1.07 2.22 16 0.39 1.13 2.60 57 0.39 -0.34 -0.05
iiotite SL-1 - - - - 0.44 0.47 12 0.39 0.39 1.16 9 0.39 1.10 2.12 22 0.39 1.13 2.57 57 0.39 0.07 0.02
Biotite BP-I - - - - 0.39 0.52 15 0.38 0.41 1.16 12 0.38 1.07 2.15 14 0.38 1.13 2.60 59 0.38 0.04 0.01
Bioti e MG-1 - - - - 0.46 0.52 15 0.40 0.45 1.17 11 0.40 1.09 2.15 20 0.40 1.12 2.58 54 0.40 -0.03 -0.01
Ferri phlogopite 0.19 0.56 62 0.45 - - - - - - - - - - - - 1.12 2.63 38 0.38 -0.33 -0.04
Clintonite 0.20 0.63 72 0.60 - - - - - - - - - - - 1.13 2.31 23 0.60 0.03 0.01
SA2 Ferridnnite* 0.21 0.40 20 0.29 0.36 0.56 6 0.29 1.15 2.83 31 0.29 1.13 2.60 43 0.29 0.51 0.05
BHO 2/448 Ferridannite 0.20 0.45 18 0.29 - - - - 0.42 1.01 4 0.29 1.16 2.16 19 0.28 1.10 2.55 59 0.28 0.09 0.02
GE Ferriannite 0.19 0.39 16 0.28 0.42 0.46 7 0.28 0.39 1.94 5 0.28 1.12 2.82 19 0.37 1.13 2.67 52 0.37 1.01 0.09
5-70 Siderophyl lite - - - - 0.39 0.70 10 0.60 0.40 1.18 5 0.60 1.15 1.82 4 0.53 1.11 2.49 82 0.54 0.27 0.05
215-69 Siderophyllite - - - - - - - - 0.41 0.91 21 0.36 1.17 2.00 29 0.57 1.14 2.52 50 0.48 0.28 0.06
Lost 'reek Annite 0.11 0.15 10 0.36 0.34 0.74 10 0.36 - - - - 1.10 2.36 27 0.36 1.14 2.68 53 0.36 -0.17 -0.15
Pike's Peak Annite - - - 0.39 0.31 4 0.37 0.43 0.99 7 0.37 1.10 2.06 30 0.37 1.14 2.53 60 0.37 0.26 0.02
Cape Ann Annite 0.20 0.37 3 0.40 0.37 0.61 30 0.40 0.42 0.98 22 0.40 1.15 1.90 14 0.40 1.12 2.50 32 0.40 0.05 0.01
BF9A Biotite - - - - 0.43 0.66 6 0.39 0.49 1.36 4 0.39 1.15 1.87 9 0.39 1.14 2.55 79 0.39 -0.57 -0.08
BF9E Biotite 
- 0.44 0.28 6 0.37 0.43 1.19 8 0.37 1.13 2.19 14 0.37 1.14 2.63 72 0.37 -0.04 -0.02
BF9G Biotite - 0.44 0.37 5 0.38 0.43 1.20 5 0.38 1.14 2.15 15 0.38 1.14 2.61 75 0.38 0.19 0.03
This sample contdins a known impurity; the two other peaks are not tabulated here.
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deviations for each parameter listed, but the errors are essentially the
same for all samples. At best, the precision of the Mossbauer
spectrometer and the fitting program is approximately ±0.02 mm/sec for
isomer shift (6) and quadrupole splitting (A), and +1.5% for area data
for spectra with well-resolved, distinct peaks (Dyar, 1984). However,
the mica spectra in this study contain several overlapping peaks; the
parameters listed in Table 3 are estimated to be +0.03 mm/sec for isomer
shift and quadrupole splitting, and at least ±3% for area data. It is
important to keep the magnitude of these errors in mind when evaluating
the data. Note that these errors are realistic limits not only for this
spectrometer, but also for other Mossbauer spectrometers (see Dyar,
1984).
It is useful to discuss the overall trends in the data before
examining each group of samples separately. The most conspicuous
consistency is the presence of the cis-M2 octahedral Fe2+ site. Within
the errors discussed earlier, all samples analyzed have a Fe2+ doublet
with a constant isomer shift of 1.11 ± 0.03 mm/sec, and a quadrupole
splitting of around 2.5 mm/sec with a slightly larger spread of values.
The trans-Mi Fe2+ doublet exhibits a wider range of isomer shifts.
Approximately half the samples analyzed have isomer shifts around
1.08 + 0.03 mm/sec, while the other half (including most of the natural
annites) have higher values, around 1.15 + 0.03 mm/sec.
The octahedral Fe3+ sites both show similar ranges for isomer shifts
from 0.36 - 0.46 mm/sec. However, quadrupole splittings fall into two
different groups which allow the cis-M2 and trans-Ml sites to be
distinguished: cis-M2 values range 0.43 - 0.88 mm/sec, and trans-Ml
values fall between 0.91 and 1.24 mm/sec. This assignment is based on
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the inverse relationship between high values of a for Fe2 + and low values
of A for Fe3 + (and vice versa), following the precedent set by Bancroft
and Brown (1975). The wide range can be attributed to the difficulty of
resolving two Feoct 3+ doublets which are less intense than the Fe2 +
doublets; they fall in a heavily-overlapped region of the spectrum where
it was sometimes difficult to resolve trans-Ml and cis-M2 separately.
Seven samples were fit with peaks representing tetrahedral Fe3 +.
Except for the Lost Creek annite, isomer shifts for these doublets are
very tightly clustered around 0.205 mm/sec. The Lost Creek sample is
slightly anomalous; its Fe3+ doublets have isomer shifts -U.10 mm/sec
below the other samples. Perhaps the variation is due to the unusual
anion composition in the sample; the Lost Creek annite has a very high
fluorine content (Table 2) and F- is probably replacing OH- ions. It
should be noted that all the data in Table 4 represent fits where peak
positions are completely unconstrained.
The results can also be usefully discussed by grouping similar
samples in the order listed in Table 4. For example, the first four
igneous biotites (from the Sierra Nevada Batholith) are, as expected,
remarkably similar. Peak positions of all eight peaks are identical
within the estimated precision of the fits; some small differences in
peak areas are observed, probably as a result of minor compositional
variations. Figure 3 shows the spectrum of a typical biotite (sample
SL-18). Note that the area ratio of cis-M2 Fe2+/trans-M1 Fe2+ is
approximately 3:1, indicating Fe2+ enrichment in the cis-M2 positions.
The ferric cis-M2 peaks are only slightly larger than those of the
trans-Mi peaks, suggesting an enrichment of Fe3+ ions in the trans-Mi
sites.
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Figure 3. Mossbauer spectrum of biotite SL-18 from the Dinkey
Creek Type granodiorite, Central Sierra Nevada Batholith. The ratio of
cis-M2 Fe2+/trans-M1 Fe2+ is approximately 3:1.
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The expected large proportions of tetrahedral Fe3+ were confirmed in
both the clintonite and the ferriphlogopite. As can be seen in Figure 4,
the tetrahedral doublet of ferriphlogopite is well defined and falls
within the range of parameters expected for tetrahedral Fe3+. The
presence of Fetet 3 + was also identified in five of the natural annites,
as shown in Table 4.
The natural annites showed considerable variation in Fe site
partitioning as was expected. The Mossbauer spectrum of sample BHD 2/448
is shown in Figure 5. This specimen and other ferriannites from banded
iron formations contain comparable amounts (around 17%) of Fetet3+, with
smaller proportions of Feoct 3+ (6%, 4%, and 12%, respectively). However,
the ratio of Fe2+ cis-M2:trans-M1 varies greatly (Table 4).
The two natural siderophyllites 5-70-DW and 215-69-DW illustrate
different competitions of cations for the octahedral sites. In the
magnesian siderophyllite (5-70-DW), the ratio of Fe2+ cis-M2:trans-M1 is
82:4, indicating that Fe2+ is displaced from the trans-Mi position by
Mg2+ or Al 3 + ions. However, in the Mg-free siderophyllite (215-69-OW),
illustrated in Figure 6, the Fe2 + cis-M2:trans:M1 ratio of 50:29
indicates a slight enrichment of A13 + in the cis-M2 position, suggesting
that Mg2+ in sample 5-70-DW prefers the trans-Ml site.
In the two annites from Lost Creek and Pikes Peak, the Fe2 +
cis-M2:trans-Ml site occupancy ratios are close to the expected values of
2:1. The same is true for the ferric-bearing annite from Cape Ann
(Figure 7), which contains Fe3+ and Fe2+ in both octahedral sites.
The metamorphic biotites, which were derived from slightly different
grades in the same formation, are again fairly similar, with only a
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Figure 4. Mossbauer spectrum of ferriphlogopite (locality unknown).
The parameters of the prominent tetrahedral Fe3+ doublet (62% of the
total area) were 6 = 0.19 mm/sec, A = 0.56 mm/sec. These values were
used to confirm the presence of Fetet 3+ in other samples.
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Figure 5. Mossbauer spectrum of ferriannite BHD 2/448 from a banded
iron formation in Western Australia. 18% of the total iron is in the
Fetet3+ site.
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Figure 6. Mossbauer spectrum of natural siderophyllite 215-69-DW.
Only one Fe3+ doublet could be resolved in this spectrum; it has an
intermediate value of quadrupole splitting (A = 0.91 mm/sec) which may
represent an average of values for two unresolvable doublets (cis-M2 and
trans-Mi).
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Figure 7. Mossbauer spectrum of annite (lepidomelane) from the
type locality at Cape Ann, Massachusetts.
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slight change in Fe3 +/Fe2 + ratios accompanying changes of metamorphic
grade. All three samples analyzed show iron in both valences occupying
both trans-Ml and cis-M2 sites (Figure 8, Table 4). However, the Fe2 +
ions are strongly enriched in the cis-M2 sites.
The effects of sample preparation and possible preferred orientation
are shown in Figures 9 and 10. Table 5 shows the parameters of four and
six peak fits on the MT-1 and Cape Ann samples, respectively. These fits
represent simplified versions of the eight peak fits which were
ultimately determined for each of these samples, but they highlight the
nature of the observed changes. Biotite MT-i (Figure 9) is remarkably
insensitive to changes in sample preparation. The spectrum of this mica
when ground under acetone for 30 minutes is nearly identical to spectra
of samples which were ground for only one minute, or not ground at all.
As Table 5 shows, the isomer shift (6) and quadrupole splitting (A) of
three samples (Figs. 9a, b, c) are almost indistinguishable within the
estimated errors of the fitting procedure. It appears that the particle
size of the biotite that is achieved after only a minute of grinding is
sufficiently small to prevent orientation effects when the sample is
mixed with sugar under acetone. However, Fig. 9d shows that biotite MT-1
does change slightly when ground dry for 30 minutes. In the spectrum of
this sample, the size and position of the smaller doublet (attributed to
ferric iron) are changed; the isomer shift increases to 0.55 mm/sec,
which is larger than expected for normal Fe3+ in octahedral coordination.
Probably the dry grinding oxidizes the sample considerably, and the high
isomer shift indicates a new contribution from iron in another
coordination environment brought about by conversion of the cis and trans
hydroxyl ions to 02- anions.
Figure 10 shows an even more extreme example of how sampling and
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Figure 8. Metamorphic biotite BF9E from the upper granulite facies
of the Rangeley Fm., Bellows Falls, NH. All three metamorphic samples
studied had large cis-M2 Fe2+/trans-M1 Fe2+ ratios ranging from 10:1 to
5:1.
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Table 5. Effects of Sample Preparation on Mica Spectra
61 Al
Area
% 62 A2 %
Area
63 A3 %
Area
Mis. Unc.
Biotite MT-i:
Ground Wet,
30 mins.
Ground Wet.
1 min.
Unyround,
Small Flakes
Ground Dry
30 mins.
1.12 2.55 78 0.47 0.68 22
1.13 2.58 77 0.44 0.74 23
1.13 2.55 76 0.49 0.69 24
- - 0.12 0.02
- - 0.23 0.03
- - 0.59 0.04
1.13 2.59 73 0.55 0.66 27 0.16 0.03
Cape Ann Annite:
1.13 2.34 54 0.51 0.76 28 0.24 0.79 18 -0.18 -0.17
1.15 2.14 54 0.43 0.92 28 0.23 0.78 18 -0.34 -0.03
1.14 2.32 49 0.50 0.76 27 0.26 0.77 24 0.17 0.01
1.06 2.40 36 0.38 0.71 55 0.11 0.27
Sample 1
Sample 2
Sample 3
Flakes,
Sample 3 9 -0.67 -0.08
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Figure 9. Mossbauer spectra of biotite MT-I prepared in different
ways. Spectra (a), (b) and (c) are remarkably similar, but spectrum (d)
shows an enlarged Fe3+ "shoulder" which results from the oxidizing
effects of dry grinding for 30 minutes.
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Figure 10. Mossbauer spectra of the Cape Ann annite. Samples (a),
(b) and (c) are from different rocks; they show slight variations in
profile. The spectrum of a mounted flake (d) shows extreme effects of
preferred orientaton, resulting in unusual Mossbauer parameters (see
Table 5).
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sample preparation can affect the resultant Mossbauer spectrum. Three
different samples of the Cape Ann annite were obtained: two from the
MIT Mineral Collection and one from an outcrop near Rockport, MA. Samples
1 and 2 (Figs. 10a, b) were prepared in the normal fashion, by grinding
one minute with sugar under acetone. Sample 3 (Fig. 10c) was ground for
five minutes with sugar under acetone. Fig. 10d is the spectrum of a
single mica flake (diameter 2 cm) mounted perpendicular to the gamma ray
source on the spectrometer. Samples 1 and 2 have similar proportions of
Fe3+/Fe2 + , but the parameters of the Fe3+ peak are significantly
dissimilar: 6 = 0.51 and 0.43 mm/sec, and A = 0.76 and 0.92 mm/sec for
Samples 1 and 2, respectively. Sample 3 has the largest percentage of
total Fe3+ (51%, vs. 46% for Samples 1 and 2), but this probably
represents a different bulk composition (since such brief grinding under
acetone is unlikely to increase Fe3 +). The spectrum of the flakes shows
considerable change; octahedral Fe2+ and tetrahedral Fe3+ decrease
greatly while the octahedral Fe3+ doublet gains in area. In this sample
the effects of such extreme preferred orientation cause noticable changes
in the Mossbauer spectrum profile. The other samples display varying
parameters which may correlate with compositional variations in the
outcrop; it is impossible to assess whether sample preparation has
altered these specimens.
Discussion
In light of the new results presented here, some of the
questions raised in the Introduction sections can now be addressed:
1. Is there Fetpt 3+ in micas? Perhaps the most fundamental issue in
this research is the presence or absence of tetrahedral Fe3+. From the
results of this study, it is clear that even Al-saturated biotites may
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contain significant amounts of tetrahedral Fe3+. Annersten and Olesch
(1978) suggested that tetrahedral Fe3+ may occur in clintonites because
Ca substitution (for K) decreases the size of the interlayer site,
causing the Si/Al ratio to decrease and the tetrahedral site to enlarge
sufficiently to accomodate Fe3+. However, Dyar (Chapter 3) has shown
that neither A site cation size nor Si/A] ratio controls the site
occupancy of Fe3+. The data presented in this paper support the
crystal chemical correlation (Chapter 3) that Fetet3+ displaces Altet 3+
when the size of the average octahedral cation is small (<0.68 A). This
conclusion is not surprising; it appears that the small size of the
octahedral cations causes the layer to flatten slightly and the
tetrahedra must enlarge in response (Bailey, 1984a).
2. What are the effects of sample preparation? One standard method
of sample preparation involves grinding the sample under acetone while it
is mixed with some soluble inert substance (e.g. sucrose) which coats the
grains as acetone evaporates and thereby prevents preferred orientation.
It appears that the length of grinding time which produces smaller
particle sizes does not significantly affect the eventual Mossbauer
spectrum of the sample being prepared, as long as the particles are
smaller than a certain size (0.1 mm?). Large flakes, such as those of
the Cape Ann biotite, will yield an asymmetric Mossbauer spectrum if they
are all oriented perpendicular to the gamma ray flux. At the opposite
extreme, samples which are ground dry for extended periods of time appear
to oxidize, altering their resultant Mossbauer spectra. Sample
preparation may therefore have a major influence on conclusions about the
crystal chemistry of iron. Comparison of mica spectral data between
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different laboratories should be done cautiously if descriptions of
experimental methods are not given.
3. Are Fe3+/Fe 2+ ratios accurate? In this study precautions were
taken to prepare samples identically so as to minimize the effects of
iron oxidation and preferred orientation on peak areas of ferric and
ferrous doublets. However, the precision of the Fe3+/Fe 2+ ratios derived
from Mossbauer spectroscopy may be affected by three other problems: the
precision of the technique as a whole, differential recoil-free fractions
in Fe3+ and Fe2+ , and highly overlapped peak positions. As was stated at
the outset, the lower limit on precision of area data is at least +3% or
worse (Dyar, 1984). Bancroft (1969/1970) estimated that two peaks which
are closer than the half width at half peak height (usually -0.15 mm/sec)
cannot be resolved uniquely. However, this situation is alleviated
somewhat if one of the component peaks is separated significantly from
surrounding peaks. In mica Mossbauer spectra, the higher velocity peaks
of each doublet are fairly well separated; perhaps this explains the
consistency of peak positions in this study, especially among samples of
similar composition and origin. Differential recoil-free fractions of
Fe2+ and Fe3+ may also account for some error in Fe3+/Fe 2+ ratios, but
this effect is difficult to substantiate. Whipple (1974) determined
relative line strengths of a biotite
(R - Fe3+/Fe 2+Moss. / Fe3+/Fe 2+Chem. = 1.18) and a phlogopite (R = 0.78)
but was unable to draw any conclusions from these results. Therefore it
is not known whether differential recoil effects are biasing the
Fe3+/Fe 2+ data presented here.
4. What are the effects of atomic substitution? There are several
types of atomic substitutions in iron-bearing micas: Fe3+ can enter the
tetrahedral site instead of Al3+; Fe3+ , Ti4+ , and A13 + may replace Fe2+
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and Mg2 + ; and OH- can be replaced by F-, Cl-, or 02-. Vacancies and
local charge imbalance may occur in any of the octahedral or interlayer
sites. An objective of this paper is to determine how compositional
factors may be affecting iron partitioning, and to relate (if possible)
the small amount of OH-, F-, and Cl- data to iron site occupancies.
We have already discussed one important compositional effect on iron
site occupancy: the presence of Fe3+ in tetrahedral sites when cation
size is small. Several other types of substitutions, such as Fe2+ +
Mg2+, were discussed in Chapter 3. However, variations in major element
compositon do not appear to directly affect either Fe3+/Fe 2+ ratios or
Mossbauer parameters themselves. There are insufficient analytical data
on hydroxyl, Cl-, and F- contents to allow major conclusions to be drawn
directly from the Mossbauer data. However, the theoretical work by
Mineeva (1978) has suggested that substitution of F- for OH- anions
and/or a net deficiency of (OH,F) groups may have a direct effect the
quadrupole splitting parameter. His calculations correlate with data
obtained in this study: for Fe2+, one "ideal" cis-M2 site is
consistently determined, while the other Fe2+ trans-Mi site (which
Mineeva assigns to sites in proximity to defects) shows much greater
variation.
One problem with Mineeva's (1978) calculations lies in their failure
to describe the two distinct Fe3+ sites which are observed
experimentally. His work on point charge contributions to electric field
gradient tensors suggests that the two octahedral Fe3+ sites in biotites
should have quadrupole splittings which cause the resultant peaks to
coincide. This is not proven by the actual data. Ten of the seventeen
samples analyzed here contain distinct doublets for Fe3+ in trans-Mi and
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cis-M2 sites. In those ten spectra, the fits containing two Fe3+ doublets
were the best ones possible to describe the data. A typical example is
illustrated in Figure 11, which shows the spectrum of biotite BP-1 fit
with three and four doublets. Only minor variations in the Fe2+ peaks
are observed between the two fits. The six peak fit yields only one Fe3+
doublet with 6 = 0.40 and A = 0.76 mm/sec (which is close to Mineeva's
prediction of A = 0.83mm/sec) but that is not the best fit to the data.
The four doublet fit has better statistics on every count (x2, % Misfit,
and Uncertainty of the Misfit are all lower). From the data it is
necessary to conclude that two types of octahedral Fe3+ sites also exist,
although they may be difficult to resolve in samples with low ferric iron
contents.
5. Is there evidence for cation ordering in micas? Thermodynamic
calculations based on iron-rich (annite) mica components generally make
the fundamental assumption that cations are disordered, even though it is
known from a limited number of cases (see Bailey, 1975; 1984a, b) that
this is not always the case. The majority of cation order/disorder data
are derived from x-ray diffraction experiments, and to date such work has
yielded little evidence for Fe ordering. However, the Mossbauer data
presented here conclusively demonstrates that iron is not randomly
distributed in the predicted 2:1 (cis:trans) ratio. Since the Mossbauer
effect discriminates between various sites, it is possible to closely
examine cation ordering.
Table 6 presents a summary of compositional data recalculated to
include the proportions of Fe2+ and Fe3+ determined by the Mossbauer
technique. The octahedral formula proportions are further subdivided into
cis-M2 and trans-Mi sites. It is obvious that the experimentally-
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Figure 11. Mossbauer spectrum of biotite BP-1 fit with six and
eight peaks. In the six peak fit, the quadrupole splitting of the Fe3+
doublet (0.76 mm/sec) probably represents an averaged value for both
types of Fe3+ sites. In the eight peak fit, statistical parameters are
improved, and both Fe3+ doublets (cis-M2 and trans-Mi) are resolved.
2
X 2 = 1333
Misfit = 0.48t0.03%
b A
A: 1.12 2.81
B: 1.08 2.14
C: 0.40 0.76
X2 = 1046
Misfit = 0.31 0.02%
b
1.13
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A
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Table 6. Formula Proportions for Ferruyinous Micas, Based on Mossbauer and Microprobe Data
1 2 3 4 5 6 7 8 9 10 11 12 13a 13o 14a 14o 15 16 17
MT-I SL-18 BP-I MG-I Fer.Phl. Clinton. SA2 BHD GE 5-70-DW 215-69-DW Lost Creek Pikes Peak Cape Ann BF9A BF9E BFG
Si s.466 5.492 5.608 5.489 5.942 2.483 6.507 5.846 6.060 4.961 4.883 5.856 5.508 5.557 5.964 5.491 5.201 5.271 5.356
Aliv 2.534 2.508 2.392 2.511 1.585 5.184 0.177 1.048 19407 3.039 3.117 1.844 2.492 2.293 1.932 2.145 2.799 2.729 2.644
Fe +i 0.000 0.000 0.000 0.000 0.473 0.333 1.316 1.106 0.854 0.000 0.000 0.300 0.000 0.150 0.104 0.364 0.000 0.000 0.000
Sum Tet 8.000 8.0)0 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Alvi 0.402 0.231 0.335 0.182 0.000 1.334 0.000 0.000 0.000 0.930 0.790 1.884 0.012 0.000 1.015 0.000 0.648 0.810 0.804
Ti 0.176 0.317 0.193 0.286 0.013 0.001 0.000 0.019 0.002 0.000 0.000 0.067 0.437 0.299 - 0.431 0.290 0.160 0.160
Fe
3
+,i 0.659 0.574 0.615 0.646 0.000 0.000 0.167 0.238 0.296 0.339 1.026 0.300 0.566 0.599 1.805 2.253 0.264 0.374 0.263
M9 2.505 2.124 2.722 2.621 5.108 4.658 1.509 0.769 2.702 2.699 0.000 0.010 0.235 0.217 0.138 0.074 2.176 2.141 2.145
Fe
2 +  
1.781 2.160 1.663 1.838 0.299 0.130 4.221 4.766 2.956 1.923 3.858 2.396 4.152 4.391 1.629 2.159 2.379 2.297 2.364
Mn 0.107 0.042 1.054 0.052 0.005 0.001 0.000 0.000 0.004 0.000 0.000 0.217 0.089 0.089 - 0.062 0.020 0.000 0.008
Sum Oct 5.630 5.448 5.582 5.625 5.599 6.124 5.897 5.792 5.960 5.891 5.674 4.874 5.491 5.595 4.587 4.979 5.777 5.782 5.744
Ca 0.092 0.088 0.096 0.092 0.000 1.964 0.067 0.115 0.002 0.000 0.000 0.002 0.073 0.005 0.000 0.000 0.002 0.000 0.000
Na 0.081 0.073 0.069 0.061 0.028 0.000 0.000 0.000 0.046 0.000 0.000 0.049 0.154 0.032 0.000 0.025 0.119 0.099 0.079
K 1.591 1.924 1.625 1.621 1.905 0.006 1.396 2.062 1.669 1.985 1.953 1.966 1.752 1.868 2.033 1.658 1.630 1.560 1.691
Sim A 1.711 2.085 1.790 1.774 1.933 1.970 1.463 2.177 1.717 1.985 1.953 2.107 1.979 1.905 2.033 1.683 1.751 1.659 1.770
FeU3+/Fe 0.2/ 0.21 0.27 0.26 0.62 0.72 0.26 0.22 0.28 0.15 0.21 0.20 0.12 0.12 0.52 0.52 0.10 0.14 0.10
Al 0.2 i8 0.134 0.223 0.121 0.000 0.889 0.000 0.000 0.000 0.620 0.527 1.256 0.008 0.000 0.677 0.000 0.432 0.540 0.536
Fi J.117 0.211 0.129 0.191 0.009 0.001 0.000 0.013 0.001 0.000 0.000 0.045 0.291 0.200 - 0.291 0.193 0.107 0.107
Fe
3
+ 0.390 0.328 0.342 0.373 0.000 0.000 0.056 0.000 0.173 0.226 0.684 0.200 0.206 0.218 1.041 1.284 0.159 0.160 0.131
My 1.67U 1.416 1.815 1.747 3.405 3.105 1.006 0.513 1.801 1.799 0.000 0.007 0.157 0.145 0.092 0.050 1.451 1.427 1.430
Fe2+ 1.391 1.558 1.344 1.341 0.299 0.087 2.453 3.605 2.165 1.834 2.442 1.587 2.768 2.927 1.133 1.252 2.136 1.923 1.970
Mn 0.071 0.028 0.036 0.035 0.003 0.001 0.000 0.000 0.003 0.000 0.000 0.145 0.059 0.060 - 0.041 0.013 0.000 0.005
Sum 3.907 3.695 3.889 3.808 3.890 4.083 3.515 4.131 4.143 4.479 3.653 3.240 3.489 3.550 2.943 2.918 4.384 4.157 4.179
cis M2
Al 0.134 0.071 0.112 0.061 0.000 0.445 0.000 0.000 0.000 0.310 0.263 0.628 0.004 0.000 0.338 0.000 0.216 0.270 0.268
Ti 0.059 0.106 0.064 0.095 0.004 0.000 0.000 0.006 0.001 0.000 0.000 0.022 0.146 0.100 - 0.140 0.097 0.053 0.053
Fe
3 +  
0.268 0.246 0.273 0.273 0.000 0.000 0.111 0.238 0.123 0.113 0.342 0.100 0.360 0.381 0.764 0.969 0.106 0.214 0.131
Mg 0.835 0.708 0.907 0.874 1.703 1.553 0.503 0.256 0.901 0.900 0.000 0.003 0.078 0.072 0.046 0.025 0.725 0.714 0.715
Fe
2 +  
0.390 0.601 0.319 0.497 0.000 0.043 1.768 1.161 0.791 0.090 1.416 0.809 1.384 1.464 0.496 0.907 0.243 0.374 0.394
Mn 0.036 0.014 0.018 0.017 0.002 0.000 0.000 0.000 0.001 0.000 0.000 0.072 0.030 0.030 - 0.021 0.007 0.000 0.003
Sum 1.722 1.752 1.693 1.817 1.709 2.041 2.382 1.661 1.817 1.413 2.021 1.634 2.002 2.047 1.644 2.062 1.394 1.625 1.564
trans M1
4:)
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determined Fe2 + and Fe3 + M2:M1 ratios are not all 2:1. For the sake of
the tabulation it was assumed that all other octahedral cations would be
randomly distributed. As Table 6 shows, this assumption is not always a
good one; samples 6, 8, 9, 10, 15, 16 and 17 all appear to have excess
cis-M2 cations, and are deficient in trans-Ml cations. Clearly the
Mossbauer data alone are not sufficient to describe the ordering
processes in these micas, because Mossbauer results can provide only the
occupancies of the Fe cations in the samples. Deviations from the 2:1
ratio in Fe distribution imply only that some cation (or cations) is
ordering, but it is impossible to determine which cation (or cations) is
ordered. From a crystal chemical standpoint, some cation ordering is not
unexpected; the energetics of the MI and M2 sites are different, as are
the size and charge of each of the substituting cations. Given
sufficient time to equilibrate, it seems likely that different cations
would exhibit a preference for either the M2 or the Ml site.
Conclusions
This study of the Mossbauer spectra of seventeen iron-bearing micas
has sought to clarify the crystal chemistry of iron and to determine
consistent ranges of parameters for iron cations in different sites.
Conclusions drawn from the Mossbauer spectra are:
1. Fetet3+ occurs in micas -- even when Si + Al >8.
2. Four doublets corresponding to Fe2 + and Fe3+ in octahedral cis-
M2 and trans-Ml sites can often be resolved.
3. Standard sample preparation, consisting of grinding the sample
for one minute with sugar under acetone, is adequate to overcome the
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effects of preferred orientation within the errors of this measurement.
4. Cation ordering is ubiquitous in the samples studied (in fact,
only a minority of the specimens had the expected 2:1 M2:M1 disordered
ratio). Five samples show evidence for ordering of other octahedral
cations as well.
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Abstract
Over the last twenty years, the technique of 57Fe Mossbauer
spectroscopy has been widely used to characterize the structural role of
iron in a broad range of glass compositions. An overview of previous
work on iron-bearing glasses, which covers both geological and ceramic
research on Fe-bearing Na-Si-O, borate, phosphate, and more complex
silicate systems, is presented here. Mossbauer work on multi-component
synthetic compositions is reviewed in terms of the effects of each
separate cation on Fe3+/Fe 2+ ratios and iron site occupancies.
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Introduction
Many geoscientists are unaware of the wealth of experimental data on
iron partitioning in glass systems which covers both valences and site
occupancies of Fe cations. The technique of Mossbauer spectroscopy has
proven to be a useful tool for studying glasses since it provides not
only Fe3+/Fe 2+ ratios, but also gives structural information on site
characteristics as well. Reviews by Kurkjian (1970), Coey (1974), and
Wong and Angell (1976) give excellent summaries of glass/Mossbauer
research; however, a considerable volume of data has been published since
then. Because iron partitioning in silicate glasses is particularly
relevant to petrology and material science problems, a current review of
Mossbauer data on silicate (and related) glasses seems timely.
Iron partitioning in a glass is dependent on several factors:
duration, temperature, and pressure of equilibration of the precursor
melt; quenching conditions (cooling rate and sample size); temperature
and pressure of the glass during the (Mossbauer) measurement; and the
composition of the sample. Of these, only the latter effect has been
extensively studied. However, the other factors may be equally
important. Recent work by Naney and Swanson (1985) demonstrated that
equilibrium conditions (particularly duration) dramatically affect
Fe3+/Fe 2+ ratios, especially in high-silica compositions where redox
kinetics proceed far more slowly than was previously thought. A handful
of studies (e.g. Mysen and Virgo, (1978) have observed increases in
Fe3+/Fe 2 + with increasing Tequilibration in quenched glasses. Similarly,
the work of Mo et al. (1982) and Mysen et al., (1982) suggested that
Fe3+/Fe 2+ decreases with increasing Pequilibration. However, it is
impossible to determine the extent to which the quenched glasses in these
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studies actually represent the equilibrated T and P conditions because
the changes which occur between melt and glass are not well understood
(Lin, 1983). In fact, quenching conditions may exert a controlling
influence on iron partitioning and valency (Dyar and Birnie, 1984; Dyar,
1984a); rapid quenching rates favor lower cation coordination (and Fe2+),
slower quenches (e.g., samples cooled in air or gas) favor higher
coordination and Fe3+.
There have been a few in situ measurements on the effects of
temperature and pressure on glasses. Low temperature Mossbauer
measurements (commonly 4.20K and 770K -- boiling points of helium and
nitrogen, respectively) are often used to study magnetic transitions in
glasses; studies such as Kurkjian and Buchanan (1964) show that low
temperature measurements greatly increase spectral resolution. High
temperature Mossbauer work on glasses is rare, but in situ data on the
sodium trisilicate system from Gosselin et al. (1967) and Hong (1978)
show that increasing temperature decreases both isomer shift and
quadrupole splitting. Also in the same system, Lewis and Drickamer
(1968) observed that isomer shift increases with increasing pressure (up
to 200 kb) as compression causes a minimum in electron density at the
nucleii of the Fe atoms.
All of the factors listed above are probably secondary to the main
variable controlling iron partitioning in glasses, namely composition.
This chapter concentrates on the effects of composition on iron valence
and coordination. The results have been broken down into three groups
for simplification: phosphate, borate, and silicate glasses. Tabulated
compositions, isomer shifts, quadrupole splittings and line widths are
drawn from over forty papers. Mossbauer parameters (where necessary)
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have been recalculated relative to the center of an iron foil spectrum,
so that all the listed values may be compared directly. Emphasis will be
focussed on the question of how each compositional variable, alone or in
combination, affects iron partitioning. The resulting overview is not a
simple picture, but it gives a much more comprehensive summary of
glass/melt processes to those who would try to appraise the thermodynamic
characteristics of phase equilibria.
Overview of Previous Work
The first indication of the usefulness of the Mossbauer effect to
glass research was the study done by Pollack et al. (1962), which
demonstrated that glass is sufficiently rigid to enable resonant
absorption of nuclear gamma rays to occur. Chemists were quick to study
alkali-iron-silicate glasses, an important raw material for the young
semiconductor industry. Iron was observed in +2 and +3 valence states,
as Johnston (1964) and Baak and Hornyak (1961) found through wet-chemical
analyses. The Mossbauer technique introduced the ability to determine
iron site occupancies non-destructively and gain insight into the
structural characteristics of the glasses being studied. Typical ranges
of isomer shifts in glasses (reported relative to a metallic Fe standard)
as a function of coordination number and valence are given in Table 1.
Mossbauer spectroscopy was quickly adopted for a wide range of glass
studies. Phosphate glasses were analyzed by several workers in the
1960's, yielding remarkably consistent values for six-fold coordinated
Fe3+ and Fe2+. Borate glass research, which experienced major growth in
the 1970's, shows predominantly four-fold Fe3+ and six-fold Fe2+ . Most
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Table 1.* Ranges of isomer shifts in glasses as a function of
coordination number.
Fe2+: IV 0.90-0.95 mm/sec
VI 1.05-1.10 mm/sec
VIII 1.20-1.30 mm/sec
IV 0.20-0.32 mm/sec
VI 0.35-0.55 mm/sec
* Quadrupole splittings vary widely for glasses and cannot be considered
diagnostic for any specific coordinations. Isomer shifts are relative
to the midpoint of the metallic Fe spectrum.
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recently, more complex silicate glasses have been studied by many
workers. It is convenient to review the glass literature based on these
three subdivisions, which involve increasingly complicated compositions
and structures.
Phosphate glasses: a simple system
Phosphate glass may be formed by isolated P04 tetrahedra (Kanazawa
et al., 1969), or polymeric chains of P04 tetrahedra which bond to
neighboring tetrahedra by means of bridging oxygen ions (Nelson and
Exarhos, 1979). Due to charge balance considerations these P04 units
cannot be linked together in a continous three dimensional network; P
must have a double bond to one of the 0 atoms (Taragin et al., 1972). If
Al is present it will form A10 6 octahedra surrounded by rings of P04
tetrahedra as observed by Pavlushkina et al., (1981); Fe may also fit
into a similar structure in the interstices between P04 chains. From
such a crystal structure, it would seem likely to expect iron to be
octahedrally coordinated; Mossbauer work has been instrumental in proving
this.
Early Mossbauer measurements of Fe3(PO4)2-8H20 and FePO4-4H20
glasses by Kerler and Neuwirth (1962) showed characteristic iron doublets
with isomer shifts (6 or I.S.) of 1.251 mm/sec (Fe2+) and 0.291 mm/sec
(Fe3+), which were considered to indicate octahedrally coordinated
cations. Kurkjian and Buchanan (1964) and Kurkjian and Sigety (1968)
also deduced octahedral Fe2+ and Fe3+ in phosphate glasses, from I.S.
values of 1.15 and 0.50 mm/sec, respectively. Kamo et al. (1967)
reported ferric isomer shifts of 0.37-0.40 mm/sec for Fe203-NaPO 3 glass,
and 0.26-0.39 mm/sec for Fe304 -NaPO 3 glass. The latter composition also
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had ferrous sites with I.S. = 1.18-1.58 mm/sec (the latter value is
unreasonable). Mossbauer parameters for octahedral Fe2+ and Fe3+ were
also found by Frischat and Tomandl (1971), Vaughan et al. (1973),
Beltran-Porter et al. (1980), and Nishida et al. (1981a). Additional
references are given in Table 2.
There is some evidence for tetrahedral iron in phosphate glasses
with very low (< 2 mol.%) Fe203 contents. Electron spin resonance (ESR),
optical, and x-ray diffraction studies by Bishay and Makar (1969)
observed both divalent and trivalent four-coordinated iron; electrical
conductivity measurements by Motran et al. (1973) and EPR studies of
Menil et al. (1980) also suggested the presence of minor concentration of
tetrahedral iron. Such small amounts of tetrahedral iron (< 1%) would
not be detected by Mossbauer spectra.
In summary, the relatively simple iron-phosphate glass system has
been thoroughly examined through Mossbauer spectroscopy. A survey of
literature values is listed in Table 2. In general, both Fe2+ and Fe3+
have been reported in octahedral coordination, though other analytical
methods have observed small amounts of tetrahedral iron.
Borate and borosilicate glasses: a more complicated system
Physicists and ceramists have been interested in borate systems
because they are of great importance to the fiberglass industry. The
systematics of B203-Fe203 glasses containing Pb, Ge, K, C1, and Si are
fairly well understood (for a more comprehensive review, see Dannheim and
Frey, 1978). The following summary highlights the trends which may be
applicable to studies of natural melts in the earth sciences.
An early Mossbauer study of complex borosilicate glasses was made by
Table 2. Phosphate Glasses
Fe 3 +
oct
I.S. Q.S. I.S. Q.S. I.S. Q.S.
Kerler and Neuwirth
1962
Kurkjian and Buchanan,
1964
Kamo et al., 1967
Fe3 (P04)2.8H20
FeP0 4-4H20
Fe(P0 3)3
Fe304 NaPO 3
0.29 0.63
0.50 0.88
0.32
0.35
0.43
0.44
0.46
1.25 2.80 0.60
0.54
1.15 2.16 0.64
1.25
1.60
1.42
1.47
1.58
2.76
3.16
2.94
2.98
3.20
Hirayama et al., 1968
Taragin et al., 1972
Motran et al., 1973
Menil et al. 1979
MgO*P 205
CaO-2P2 05
16.7A1 203*69.7P 205-4.5Na 20*9.1Fe 304
"iron calcium phosphate glass"
Fe0.0 2 Na0.9 8 P0.8 10 2 .10 F0 .8 9
Fe0 .0 3Na0.97P0.7601. 98 F0.90
Fe0o.0 8 Na0.9 2 PO.7902.29 FO.51
Fe0.1 9 Na0.8 1 P0 .5801. 7 3F0 .68
Fe0. 39 Na0 .61P0.3601.2 2F 0.9 2
Fe 0.60Na0.4 0 P0.400 1 .2 0F1.53
0.38 0.85
0.40 0.80
0.41 0.80
0.35 0.73
0.45
0.43
0.42
0.42
0.42
0.44
0.36
0.36
0.45
0.44
0.53
0.71
1.22
1.19
1.18
1.23
1.23
1.22
2.25
2.23
2.47
2.41
2.52
2.70
1.21 2.24
1.13 2.30
1.16 2.30
1.05 2.36
1.11 2.22
1.07 2.15
1.19 2.10 0.64, 0.53
1.11 2.28
1.24
1.18
1.21
1.25
1.28
1.26
1.50
1.48
1.65
1.68
1.86
1.89
0.46,
0.54,
0.49,
0.38,
0.38,
0.53,
0.44, 0.55
0.50, 0.60
0.43, 0.40
0.42, 0.58
0.38, 0.63
0.41, 0.56
Reference Composition
Fe2+
oct
Fe 2+
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Taragin and Eisenstein (1970). They observed iron site partitioning
similar to that in sodium silicates: relatively sharp, easily-resolved
ferric peaks (6 = 0.327; quadrupole splitting, A = 0.947 mm/sec, typical
of four-coordinated iron) and a widely varying ferrous peak (average
6 = 1.057, A = 2.137 mm/sec). Similar results were obtained by Jach
(1973, 1974), Raman et al. (1978a, b), Prasad et al. (1982), and
Kamal et al. (1982). Later workers were able to resolve ferric iron in
both octahedral and tetrahedral coordination (See Table 3).
Taragin and Eisenstein (1970) were first to observe a trend which is
also common in many silicate glassses: Fe2+/Fe 3+ ratios decreased
systematically as total iron content increased. Subsequent analyses by
Bukrey et al. (1972) and Burzo and Ardelean (1979a, b) confirmed that the
proportion of Fe3+ increases linearly with increasing iron content, as
does quadrupole splitting, but partitioning of ferric iron between
octahedral and tetrahedral sites (Fe3+ is both four- and six-coordinated
in xFe 203 , 1-x (PbO.3B 203 ) glasses) is not affected. It seems that
adding iron to the system forces a restructuring and deformation of the
glass structure, which would tend to increase A as is observed.
Nishida et al. (1980a, b; 1981a, b, c, d) added K and/or C1 to the
B-Fe-O system. Isomer shift decreases with the addition of K20 or KCI to
the system. Narrower linewidths suggest that as potassium is added, the
steric configuration around the iron nuclei seems to become more uniform.
In addition, K20 tends to aid in the formation of non-bridging oxygens at
levels of > 20 mol% in borates and 8-10 mol% in borosilicates; as
isolated Si0 4 units are formed, isomer shifts decrease. Similarly, the
presence of Cl- ions in the bulk glass results in the formation of Fe0 3Cl
tetrahedra; as a "superstructure" of Fe0 3Cl and Fe04 tetrahedra is formed
Table 3. Borate Glasses
Fe
3 +
tet
x I.S.
Taragin and Eisenstein, 1970
Tricker et al., 1974
Bukrey, 1974
Raman et al., 1975
Kang and Moon, 1976
Raman et al., 1978
Sekhon and Kamal, 1978
Horie et al., 1978
Nishida et al., 1981b
"complex borosilicate glass"
a20 3+C OFe 203
Na 20. Li 20. 8203- Fe 203
xNa20 8 6Fe20 3 .(94-x)820 3 mol. %
B203+5 mol.% Fe203
xCaO:(69-x)B20 3 :25Na20:6Fe20 3
xNa20:(82-x) B203: 1541203:3Fe203
xA1 203: (72-x)B203:25Na20: 3Fe203
xLi20:(94-x)B 203 :6Fe203
xK20:(94-x)B203:6Fe203
Pb0-28 2 03 .x wt.% Fe20 3
BaO-Fe203-B203
xK20(100-x)(B203 ,Si02 )7Fe203
Nishida et al., 1981d
Bonnenfant, et al., 1982
Bahgat et al., 1983
20K20:80B2030.33Fe203
(Fe203)30-(BaO)45-(B203)25
B203-Na20-Mg0-Fe 203"SnO2 0.170 0.550
Reference
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Compos it ion
Fe3+
oct
Q.S. 1.S.
Fe 2+
oct
0.S. I.S. Q.s. r
1.03 2.08
0.61 1.01
0.370 0.879
0.352 0.811
0.348 1.023
0.349 0.472
0.326 1.00
0.376 1.38
0.30 0.69
0.284 0.525
0.291 0.520
0.293 0.515
0.305 0.486
0.271 0.958
0.271 0.957
0.238 0.948
0.238 0.960
0.283 0.983
0.285 0.978
0.293 0.925
0.341 1.085
0.344 0.999
0.299 1.011
0.258 0.991
0.237 0.980
0.295 0.994
0.290 1.034
0.299 1.011
0.280 1.012
0.268 1.001
0.612
0.597
0.601
0.666
0.686
0.611
0.865
0.799
0.797
0.776
0.862
0.836
0.745
0.737
0. 713
0.782
0.749
0.743
0.767
0. 755
0. 796
0.781
0.743
0.750
0.767
0.737
0.769
0.782
0.746
0.778
0.742
0.714
0.784
0.756
0.774
0.790
0.713
0.857
0.878
0.833
0.789
0.731
0.685
0.657
0.366
0.359
0.339
0.334
0.324
0.322
0.314
0.325
0.316
0.311
1.085
1.090
1.141
1.065
1.056
1.097
0.986
0.964
0.969
0.936
0.386 1.078
0.355 1.023
0.345 1.043
0.337 1.004
0.317 0.915
0.272 0.862
0.241 0.917
0.240 0.905
0.226 0.832
0.335
0.335
0.360
0.410
0.385
0.410
1.150
1.050
1.100
1.200
1.150
1.050
0.32 1.06
0.25 1.01
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in the glass, its overall structure becomes more uniform and the melt is
more polymerized. The increased covalency of the Fe-Cl bonds also
decreases the isomer shift.
A broader range of compositions in simple borate glasses was studied
by Bahgat et al.. (1983). In their work on B203*MgO0Fe 203*Na 20OSnO 2
systems, decreases in symmetry occured systematically as smaller,
increasingly highly charged cations were introduced into the glass,
increasing in charge-to-radius ratio in the order
Na+ < Mg2+ < Fe3+ < Sn4+. Largest isomer shifts resulted from ions with
Sn4+ as nearest neighbors, and small isomer shifts were observed in the
presence of Na+. Other studies showed similar trends of decreasing
isomer shift with charge-to-radius ratios: Sekhon and Kamal (1979) with
Pb2 + , Eissa et al. (1980) with Na+ , and Burzo et al. (1982) with Ca2+.
The charge-to-radius ratio parameter may be an important one to consider
in models of glass structures, particularly where Fe3+ and Fe2+ are both
present. This will become evident when Mossbauer data for more complex
systems are presented later.
In summary, the results from borate and borosilicate glass
studies suggest the following:
1) Both ferric and ferrous ions are often present, even at low
oxygen fugacities.
2) Fe3+/total Fe ratios and quadrupole splitting values increase
with rising iron concentration.
3) The addition of K+ or Cl-, which lead to the formation of
non-bridging oxygens, decreases the isomer shift.
4) The coordination of an iron atom in a glass may be a function of
the charge-to-radius ratio of its nearest neighbors.
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Complex systems: Silicate glasses
Although the simpler systems demonstrate some of the major trends of
iron coordination in glasses, a more thorough understanding of complex,
multi-cation systems is needed to achieve any geological relevance. The
wide range of measurements on synthetic systems, summarized in Table 4,
clearly illustrates the complex effects which several of the most
abundant elements have on glass structure. These systems are perhaps
best discussed by addressing each cation separately.
Sodium trisilicate glass (doped with 5 7Fe) was the first composition
to be extensively studied by early Mossbauer workers, as its spectrum was
easy to resolve and did not appear to be influenced by composition.
Kurkjian and Buchanan (1964) fit a series of Na20-3Si0 2 glasses with a
doublet having an isomer shift of 1.24 mm/sec and quadrupole splitting of
2.01 mm/sec, which was considered typical of Fe2+ in octahedral
coordination. They also observed a linewidth, r, of 0.75 mm/sec (more
than three times the natural linewidth of Co57 in Pd), which they
attributed to distortion of the glass sites. Subsequent workers (Tomandl
et al. 1967; Hirayama et al., 1968; Mulay, 1972; Labar and Glenn,
1973/1974; Levy et al., 1976; Jach and Nabation, 1977a, b) observed
similar 6 and A for Fe2+ and also observed tetrahedral and octahedral
Fe3+ in other Na-Si compositions; as the quality of spectra and fitting
techniques (more sophisticated models of line shapes) improved, two
different types of Fe2+ octahedral sites were resolved (Boon, 1971).
Later work (Gosselin et al., 1967; Virgo et al., 1982b) showed that the
ratio of Fe2+/Fe 3+ seems to decrease when total iron increases.
Recent workers (Hirao et al., 1980; Komatsu and Soga, 1980; Virgo
et al., 1982a, b) have reproduced the above results for iron in
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Table 4. Silicate Glasses
Composition Fe
3
+ Fe
3 +  
Fe
2
' Fe
2
+
tet oct tet oct
Reference Si0 2 T10 2 A1 20 3 FeO MgO K20 CaO a20 I.5S. Q.5. l.S. Q.S. 1.S. Q.S. 1.5. Q.. r
KurkJian ano
Bucnanan, 1964
Belyustin et al.,
1965
Gosselin et al.,
1967
Lewis and
Drikamer, 1968
Boon, 1971
Paragamin et al.,
1972
Varnek, 1973
Mornaga et al., 1976
Levy, 1976
Hirao et al., 1979
Nolet et al., 1979
de Grave et al., 1980
Komatsu and Soga, 1980
Levitz et al., 1980
Dyar and Burns, 1981
ODanckwerth, et al.,
1982
Seifert et al., 1982
Virgo et al., 1982a
Virgo et al., 1982b
Burns and Dyar, 1983
Dyar and Birnie,
1984
0.078
0.233
0.779
8.27
19.75
3.245
8.270
19.750
0 5
6 20
0 20
0 10
6 20
0 20
1x
0.15
0.25
0.50
0.58
0.65
12.07 8.21 8.43 19.02
- 1.9 4.5 5.1
Ix
26.46 9.78
1x
lx
15.05 0.92
0.4 7.9 19.9 17.2
ix Ix
0.85
0.75
0.50
0.42
0.35
8.20
2.2 9.7 6.6
ix
15.22 0.3
Ix
Ix
4.27 2.07 3.62
8.6
0.25 lx
0.25 0.75
0.50 n.50
.75 0.25
lx
S lx
9x
5x
5x
3x
2x
2x
2x
2x
1.5x
45.5
45.6
45.5
0.4 7.9
3.9 8.8
0.4 7.9
5 wt.%
10
5
2.2
5.0
8.8
13.4
5.0
19.9 17.2
11.3 21.0
19.9 17.2
* Fe variations causedh by changes in quench media
1.24 2.01 0.75
0.25 0.88
0.26 0.60
0.27 0.91
0.37 0.85
0.39 0.74
0.37 0.87
0.38 0.85
0.31 0.87
0.34 0.72
0.37 0.81
0.35 1.5
0.967 1.02
0.86 1.48
0.88 1.70
0.79 1.39
0.87 1.61
0.97 1.29
0.29 0.77
0.22 0.80
0.28 0.78
0.27 0.78
0.24 0.73
0.25 0.75
0.25 0.77
1.12 2.00
1.14 2.13
1.17 2.16
1.05 2.10
1.05 2.08
0.99 2.22
1.05 2.11
1.01 2.13
1.09 2.17
1.09 2.86
1.01 1.91
1.03 1.95
0.98 1.88
1.02 2.20
1.12 1.94
1.07 2.04
1.07 2.05
1.05, 0.62
1.04, 0.71
1.17, 0.75
0.63, 0.52
0.56, 0.48
0.67, 0.71
0.78, 0.58
0.66, 0.65
0.31 0.84
0.35 0.88
0.43 0.85
0.95 2.50
0.245 - 0.295 -
0.25 0.76
0.28 1.34
0.29 1.33
0.26 1.22
0.27 1.25
0.26 1.35
1.06 1.97 0.78
0.95 1.28 1.06, 2.40. 0.39, 0.49,
1,03 1.84 0.48
0.965 - 1.035 -
0.40 0.44 0.81, 2.26,
0.77 1.80
0.30, 0.52,
0.56, 0.47,
0.45, 0.57
0.26 -
0.25
0.27 -
0.29 -
0.32 -
0.29 1.40 0.36 1.55
0.23 0.73
0.20 0.93
0.22 0.81
0.25 0.97
0.25 0.87
0.29 0.84
0.24 0.85
0.24 0.93
0.28 0.82
0.31 0.85
0.32 0.85
0.33 0.85
0.32 0.87
1.014 1.916 0.79
1.029 1.924 0.95
0.978 1.894 1.229 2.242
0.996 1.878 1.243 2.315
0.938 1.151 1.023, 2.641,
1.321 1,152
0.961 1.552 1.028, 2.195
0.542 0.890 0.986 2.005 1.0068 2.668
• Fe variations cause( by changes 
In quench" media
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Na2 0-3SiO2 glasses. The general concensus is that Fe3+ exists in at
least one (probably two) distinct tetrahedral site which is not detected
in samples formed at low PO2. The proportion of Fe2+ increases at low
fugacities. Seifert et al. (1978) observed Fe2+ peaks with what they
called "intermediate" isomer shifts ranging from 0.888 to 0.991 mm/sec,
with linewidths between 0.539 and 0.811 mm/sec. Such broad linewidths
may indicate the presence of Fe2+ in more than one site as well.
It should be stressed that other analytical techniques have produced
data which corroborate the Mossbauer conclusions. Using magnetic
susceptibility measurements, Bamford (1962) found both Fe3+ and Fe2+ in
octahedral coordination in sodium silicate glasses. Optical absorption
due to Fe2+ and octahedral and tetrahedral Fe3+ was observed by
Fenstermacher (1980) in spectra of sodium glass. Fox et al. (1981 and
1982) combined optical absorption, luminescence and Raman spectroscopy to
identify three coordination environments: Feoct 2+ and Fe3+ in two
distinct tetrahedral arrangements. Finally, Park and Chen (1982) used
extended x-ray absorption fine structure (EXAFS) measurements and
concluded that dilute concentrations of octahedral Fe3+ occur in sodium
disilicate glasses.
The extensive literature on sodium in iron-bearing silicate melts
(see Table 4) leads to the following conclusions:
1) Both ferrous and ferric iron are present; the
Fe3+/zFe ratio seems to increase with iron content.
2) The 6 and A parameters for Fe2+ and Fe3+ are slightly spread and
linewidths are broad, suggesting that Fe may occur in two or
more sites for each valence.
3) Mossbauer data show that Fe3+ occupies both octahedral and
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tetrahedral sites, although the EXAFS data of Park and Chen
(1982) show only octahedral Fe.
Calcium is a network modifier and tends to prefer six-fold or higher
coordination sites in glass. It is frequently used in bulk glass
compositions for studies of effects of other cations (e.g. Varret and
Naudin, 1979; Bandyopadhyay et al., 1982; Neumann et al.. 1982;
Tomozawa et al., 1982; Schreiber et al., 1980) because calcium tends to
be fairly stable in complexes with iron (Waff, 1977), and is a useful
charge-balancer for many other common cations (Mysen et al., 1981).
However, the influence of Ca itself has been studied through use of 57Fe
Mossbauer spectroscopy. Levy et al. (1976) used 20% Fe2 03 , 65% Si0 2,
15% CaO glasses to examine iron partitioning. They found that
partitioning of the same ion between different sites (e.g. Feoct 3+ and
Fetet 3+ ) was not affected by the amount of Ca in the equilibrated melt;
however, increasing CaO content clearly increases Fe2+/zFe ratios.
Replacement of CaO by Na20 created no significant changes in
Feoct 3+/Fetet 3+ ratios, but substitution of Na for Ca did have a
substantial effect on Fe3+/Fe 2+ ratios, which increased with increasing
temperature and/or decreasing Ca. Both I.S. and Q.S. were also affected
by the Ca content.
Iwamoto et al. (1978, 1979) varied the Ca component in Ca-Fe-Si-O
glasses and found similar trends. Fe3+/Fe 2+ ratios consistently increase
with increasing CaO content and PO2. This corroborates the work of Waff
(1977) who postulated that when no Na is present, Ca forms highly stable
complexes (Cal/ 2Fe3+02) with trivalent iron. However, the addition of
NaFe 3+02 complexes (which are more stable than Ca complexes) to a melt
may gradually dissociate the Ca complexes in favor of Na complexes.
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Later work by Mysen et al. (1981) and Danckwerth et al. (1982) reproduced
these results. Mossbauer spectra of the system Na2Si205 -CaSi205 with
added Fe203 show the expected increase in I.S. from Na to Ca systems,
reflecting the additional contribution from Fe3+oct as Na forms complexes
preferentially over Ca.
The effects of Ca on silicate melts, based on Mossbauer data, can be
summarized as follows:
1. Addition of Ca alone to a Si-Fe-O system causes increased
Fe3+/Fe 2+ ratios.
2. When Na20 is present, it controls iron valence and the
effect of Ca content on Fe3+/Fe 2+ ratios is diminished.
Aluminum may be inferred to play a dual role as either four-fold
coordination network former or six-fold coordination network modifier in
a melt. Although a large number of other analytical techniques,
including Raman (Brawer and White, 1977) and Radial Distribution Function
(Taylor and Brown, 1979, 1980), have been applied to A1203-bearing melts,
little Mossbauer work on iron-bearing melts has been attempted. Wood and
Hess (1980) have shown through petrological studies that the addition of
A1203 to a melt causes a decrease in critical temperature, phase
separation, and liquidus temperature; Al does not seem to affect site
partitioning preferences of Ti0 2 , MgO, and CaO. Although the addition of
Al seems to increase polymerization by creating more network-forming
complexes, the partitioning of iron may not be directly affected.
Al and Fe can be correlated in peralkaline melts, where Na, K, Al,
and Fe can interact. Mysen et al. (1981) suggested that Fe3+ generally
acts as an octahedral network modifier, except when Na+K > Al and Fe3+ is
forced to be four-fold coordinated.
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Unfortunately, these conclusions have not yet been fully tested by
the Mossbauer effect. Seifert et al. (1982) examined the simple
Mg0-A1203 -Si0 2-FeO system and observed both ferric and ferrous iron.
Fe3+ (observed values: 8 = 0.29-0.36 mm/sec, A = 1.40-1.55 mm/sec)
appears to favor tetrahedral coordination in this preliminary study.
Their early results, based on five data points, indicated a positive
correlation between Fe3+/EFe and Al/Al+Si, suggesting that Al and Fe3+
play a similar role in the structure.
Potassium almost universally prefers octahedral coordination in
melts, and may frequently substitute for Na in Fe-O complexes (Waff,
1977). Nishida et al. (1981a, b, c, d) have conducted an extensive
series of experiments on potassium borate, phosphate, and borosilicates,
as discussed earlier. Their data show a definite decrease in isomer
shift as K20 content is increased.
The Fe2+/EFe ratio of a K-bearing melt may also increase with K
content, at least in the range from 0-30 mole % K20 (Nishida et al.,
1981a). Because the presence of K20 helps to homogenize and stabilize
the environments around Fe0 4 tetrahedra, other ions such as Cl can more
easily find their way to substitute for 0 as Fe0 3CI tetrahedra. C1,
incidentally, seems to further increase the symmetry around the related
Fe2+ nuclei, causing more accentuated decrease in quadrupole splitting
when both K and C1 are present.
Mossbauer parameters for K-bearing silicate glasses have also been
given by Virgo et al. (1981). Their values for isomer shifts in K20
glasses range from 0.27-0.34 mn/sec, rather lower than the 0.41-0.50
mm/sec range reported by Nishida et al. (1981b). The difference is
probably a function of the effects of other ions in the systems on which
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the two different groups worked.
The somewhat borate-oriented research on K20-bearing in glasses
leads to the following simple trends:
1. I.S. decreases as K20 is increased.
2. Fe2+/EFe increases as K20 is increased.
Phosphorus in silicate glasses has been investigated in detail by
Ryerson and Hess (1980), who used phase equilibria, chromatographic and
Raman spectral data to research the role of P205 in silicate melts. In
melts with only Si0 2, phosphorus occurs as a four-fold coordinated
network-forming cation; but where other cations (such as Fe) are present,
phosphorus acts to increase the formation of 3-D networks (melt
polymerization). Ryerson and Hess (1980) suggested that phosphate-metal
complexing may aid in the destruction of Si-O-M-0-Si bonds, thus
polymerizing the melt. If this is the case, then Mossbauer spectra
should show the change in Fe bonding.
These trends observed in Mossbauer spectra of phosphate glasses, as
discussed earlier, can be understood in light of the phase equilibria
studies. When metals are present in addition to Si0 2 , phosphorus takes
on six-fold octahedral coordination. This accounts for the observed
Fe2 +oct and Fe3 +oct in the Mossbauer spectra. The polymerizing effect of
phosphorus is apparently strong enough to set up the octahedral network
with any metal present in the melt; changes in the iron concentration
should not affect melt coordination as long as sufficient cations of any
type are present to complex with phosphorus. This nicely explains the
observed effects of phosphorus on Mossbauer spectra:
1. Phosphorus forces both ferrous and ferric iron to assume 6-fold
coordination.
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2. Changes in iron concentration do not affect iron partitioning.
Magnesium and its effects on melt structure have been studied
primarily from a ceramist's viewpoint in work on non-silicate glasses.
For example, Woods and Fine (1969) observed that glasses with a nominal
composition of MgFe 204 have only Fe3+ (when equilibrated in air);
tetrahedral versus octahedral site occupancy is largely a function of the
glass equilibration temperature. The only Mossbauer studies of
Mg-bearing silicate systems are those reported by Virgo et al. (1981),
who found that the presence of MgO and CaO in iron-bearing melts results
in isomer shifts of 0.46-0.54 mm/sec when Fe203 = 1.0 wt.%, and 0.34-0.44
mm/sec when Fe203 = 5.0 wt.%. In these glasses, Ca and Mg have little
effect on iron partitioning; iron concentration appears to be the
principle cause for stabilization of Fe3+ in tetrahedral coordination.
It seems likely that Mg does not have much of an effect on iron
partitioning in melts, except possibly as a stabilizer with Ca in
(Ca,Mg)1/2 Fe3+02 complexes, as hypothesized by Waff (1977) and discussed
earlier.
Titanium is a particularly important element for studies involving
remote sensing of reflectance spectra of extra-terrestrial bodies; for
example, it contributes to the overall spectral profiles of the Moon's
surface (Adams and Ralph, 1978). Mare basalt types are even classified
by their Ti contents (Charette et al., 1974). Therefore Ti has been the
subject of considerable planetary-oriented research which has superceded
simpler "pre-Apollo" studies (e.g. Galant, 1966).
Several lunar glass compositions (and their synthetic analogues)
have been studied in great detail (Adams and Charette, 1975; Bell and
Mao, 1972; Delano, 1979; Mao et al., 1973; Nolet et al., 1979); the
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principle objects of investigation have been "Apollo 17 orange,"
"Apollo 15 green," and "Luna 24 brown glass." Each type has its own
distinctive Fe-Ti ratio which drastically influences not only its optical
spectrum, but the Fe3+/Fe 2+ ratio and the resultant Mossbauer spectrum as
well.
Orange glass typically contains approximately 8.7 wt.% Ti0 2 and
22.01 wt.% FeO (Mao et al., 1973). When Ti is present in such high
concentrations, the glass takes on an orange color as a result of Ti3+
occurring in samples equilibrated at low oxygen fugacities (Bell et al.,
1976). Mossbauer spectral profiles on such Fe-Ti glasses consist of an
asymmetric doublet with peaks around zero and 2 mm/sec (Mao et al., 1973;
Nolet et al., 1979; Nolet, 1980); however, computed peak areas are almost
identical in the low and high velocity regions, suggesting negligible
Fe3+. Deconvoluted spectra resolve six-coordinated Fe2+ sites with a
range of distortions. Isomer shifts vary from 1.02-1.09 mm/sec, with
quadrupole splittings ranging from 1.72-2.32 mm/sec. Although
tetrahedral Fe2+ was identified in optical spectra of orange glass,
Mossbauer spectra were unable to resolve an appropriate tetrahedral Fe2+
doublet. Ti is present both as Ti 3+ and Ti 4+ in such low fugacity
experiments (Nolet, 1980).
The green and brown lunar glasses, however, have considerably lower
Ti contents (0.4 and 1.0 wt.% Ti, respectively) (Dyar and Burns, 1981)
resulting in very different properties. Optical spectra show that if
only small amounts of Ti are present, the Ti exists as Ti4+, allowing Fe
to assume Fe3+ (Burns and Dyar, 1981) under oxidizing quench conditions.
In such glasses made under low oxygen fugacities believed to exist during
formation of mare basalts, both tetrahedral and octahedral ferrous iron
can be resolved in Mossbauer spectra.
232
In summary, it is clear that Ti can play an important role in
controlling iron partitioning at low oxygen fugacities. Specifically,
high Ti contents (> 2.0 wt.%) reduce the Fe3+/Fe 2+ ratio greatly. When
Ti content is very low, however, Fe3+ may account for up to 30% of the
total iron in the glass (Dyar, 1984a).
Iron content alone may be the most important variable controlling
iron partitioning. Several workers (Bandyopadhyay et al., 1980a; Coey,
1974; de Grave et al., 1980; Kurkjian, 1970; Mysen et al., 1980;
Schreiber, 1980) have noted that Fe3+ content increases consistently as
total Fe is increased. Bandyopadhay et al. (1980a) observed a change
from octahedral to mixed site iron occupancy when Fe3+ content exceeds
45%; Fe2+ is normally tetrahedral but may be both octahedral and
tetrahedral below 50% Fe3+ . Apparently the high Fe content sets up a
different set of oxygen coordination sites at that threshold. The
changeover is also reflected in lower values of isomer shift and narrower
linewidths (de Grave et al., 1980).
Complex Systems: Natural terrestrial glasses
Few Mossbauer studies have been reported of natural terrestrial
glasses; not surprisingly, the results that are available are highly
variable and probably reflect different magma compositions. Takeda
et al. (1979) studied a group of natural Japanese obsidians; they found
Fe2+ in highly distorted octahedra in the glass, accompanied by some
magnetic iron oxide phase contained as inclusions in the glass.
Chavez-Rivas et al. (1980) studied Lipari and Teotihuacan obsidians,
both with total iron contents below 5 wt.%. Both samples had small
(< 1%) Fe304 amorphous particles; slight asymmetry and broad linewidths
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(0.7-1.4 mm/sec) were observed. The Lipari samples contained both Fe2+
(92+2%) and Fe3+ (8+2%); Teotihuacan obsidians were more ferric-rich
(55+3%). Regnard et al. (1981) reproduced these results very closely,
finding Fe2+ with 6 = 0.89-0.96 and A = 1.84-1.93 mm/sec, and Fe3+ with
6 = 0.20-0.21 and A = 0.51-0.84 mm/sec. Other work on granitic and
basaltic glass compositions shows the range of iron valency and
coordination which might be expected in such complex compositions
(Varnek, 1973; Levitz et al. 1980; Bandyopadhay et al. 1980b). Clearly
terrestrial obsidians have variable Fe3+/Fe2+ ratios; based on this small
sampling, Fe3+ and Fe2+ are generally present.
Discussion
The preceeding review of Mossbauer measurements demonstrates the
complexity of compositional effects on iron valence and partitioning.
Since the majority of these studies are based on glasses quenched from
melts equilibrated in air, just above the liquidus for each composition,
the resultant data represent a severely simplified picture. Obviously an
understanding of the effects of varying equilibrium conditions (T, P, and
duration), quenching procedures, and T and P of the Mossbauer
measurements would be necessary to complete the total picture. However,
as discussed earlier, there are insufficient Mossbauer data on such
effects to allow significant conclusions to be drawn. While recognizing
these other factors as (perhaps) secondary influences on the partitioning
of iron in quenched glasses, it is possible to draw some conclusions
based strictly on the effects of composition.
The search for an ideal expression by which iron partitioning in
glasses may be related to T, P, and composition has tantalized
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geochemists for several years (e.g. Lauer, 1977; Lauer and Morris, 1977;
Sack, 1980; and Ghiorso et al., 1981 and 1983). Because only data on
compositional effects are tabulated here, this chapter will not
comment on the relative merits of such endeavors but merely present the
Mossbauer data that should be considered in such models. Table 5
summarizes conclusions drawn from literature data and suggests the effect
which each cation may have on Fe2+/zFe ratios in a glass. This
tabulation may be useful to evaluate qualitatively glass samples with
different Fe2+/zFe ratios, and to indicate the effects which certain
cations may have on iron valence.
It is particularly significant that the conclusions in Table 5 are
based on Mossbauer (and not wet chemical) determinations, because
systematic differences may result when comparing data derived from
different techniques. This is a natural result of attempting to compare
the homogeneous equilibria speciation observed by the Mossbauer effect
with the bulk Fe-O content determined by wet chemistry and dictated by
equilibrium with another phase, such as 02. Therefore it is not
surprising that results of the two methods may not always agree. For
example, in two tektite compositions studied by this author and the
Smithsonian Institution Department of Mineral Sciences, the Mossbauer
effect determined roughly twice the amount of Fe3+ (6% of total iron) in
each composition than was analyzed by wet chemical methods in these
low-iron samples, a result which has been commonly observed in tektite
studies (R. Fudali, personal communication, 1984). It is difficult to
estimate the relative errors involved in both methods of Fe3+/Fe 2+
determinations (see Chapter 8). The statistical error of the Mossbauer
work is probably not large enough to explain the observed difference
(Dyar 1984b). However, it is well-known that the recoil-free
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Table b. Effects of Individual Cations on Iron Partitioning
Cation Charge
Ionic Radius
29.41
7.69
5.66
6.61
6.12
3.64
4.0U8
2.78
2.25
3.17
3.28
2.UU
1.79
1.48
1.01
0.98
0.86
0.72
0.66
0.63
Effect of Increasing the
Proportion of this Cation
none
decrease Fe2+/zFe
increase Fe2+/zFe at low fU2
decrease Fe2+/EFe
slightly increase Fe2+/EFe
decrease Fe2+/EFe
increase Fe2+/EFe
increase Fe2+/EFe
increase Fe2+/EFe
C.N.
4
4
Cation
P5+
A13+
Ti4+
Fe3+
Mg2+
Fe2+
Ca2+
Na+
- --
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fraction of Fe3+ in minerals is sometimes larger than that for Fe2+
(Whipple, 1974). For example, in the garnet structure, the Fe3+ is held
more rigidly in its octahedral site than is Fe2+ in its eight-fold
coordinated site, so that the Mossbauer effect absorption is enhanced for
Fe3+. The resultant spectra show increased relative intensity of the
Fe3+ peaks. Although no quantitative infomation exists for the relative
recoil free fraction of iron in glasses, it is possible that the
proportion of Fe3+ might be increased slightly due to a larger
recoil-free fraction effect, making the Fe3+/Fe 2+ ratio higher than it
ought to be. This possibility is discussed further by Bowker (1979).
Until more is known about this effect, it is unwise to compare wet
chemical determinations with Mossbauer results on Fe3+/Fe 2+ ratios in
glasses. However, the conclusions presented in Table 5 probably give a
reasonable set of assumptions for the interpretation of Mossbauer
results.
This review also draws attention to the hypothesis of Bahgat et al.
(1983) that charge-to-radius ratios may control glass structures. This
observation is related to Hess' (1977) conception that the degree of
polymerization of a melt is related to the field strength (cation charge
divided by the square of the cation ratios plus 1.40). Hess suggested
that high field strength cations (Fe2+ , Mg2+ ) are indicative of higher
states of polymerization (glasses with sheet and 3-D networks) than lower
field strength ions (Na+, K+). Table 5 shows that the high
charge-to-radius cations (which are roughly proportional to high "field
strength" cations of Hess) tend to decrease Fe2 +/Fe, whereas low
charge-to-radius cations increase Fe2+. Hess (1977) further noted that
polyvalent cations disrupt this correlation; Mossbauer results for Ti4 +-
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bearing glasses show this also. It is gratifying to note the
similarities between the Mossbauer results and the conclusions reached by
Hess, which are based on phase and thermodynamic properties.
The data presented here also suggest some interesting possibilities
for expanding our understanding of speciation processes in silicate
melts. For example, studies of the effect of increasing iron content on
Fe3 +/Fe2 + ratios are abundant. Such data can potentially be interpreted
to represent a reaction between the various iron and oxygen species in
the melt; an equilibrium constant can then be calculated. If the
multicoordinated, multivalent species in a melt can be adequately
described (in a balanced equation), then activities and cationic and
anionic free energies of mixing can be calculated. Unfortunately, none
of the data reviewed here is described in sufficient detail to allow any
worthwhile results to be calculated.
In conclusion, it is hoped that the data presented in this review
will form the basis for consistency in future Mossbauer spectroscopy
measurements of glasses. It is easy to pick out the sources of
inconsistencies in the data by scanning Tables 2-4; the numerous
anomalies and redundancies in the literature are also readily apparent.
It is appalling that of the 150-200 published papers on Mossbauer spectra
of glasses, less than 50 of the authors bothered to list their
experimentally-determined values for isomer shift and quadrupole
splitting, choosing instead to draw their conclusions from data which was
not directly presented. However, the tabulated data demonstrate that the
Mossbauer technique is a viable method for determinations of iron
coordination in glasses. Future work in the diverse applications of
Mossbauer spectroscopy of glasses deserves to be placed in the context of
research which has already been done.
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Abstract
Mossbauer spectroscopy was used to study the microstructures in a
synthetic analogue of an Apollo 15 green glass. Different quench rates
are found to yield glass structures that are markedly different with
respect to iron atom site occupation and charge. Faster quenching rates
yield a less dense structure that can accommodate more iron in four-fold
sites. In the denser glasses (more slowly cooled) the iron tends to
favor higher coordination. The short distances between six- and
four-fold sites in the structure (on the order of angstroms) provide that
the iron will come to its "equilibrium" partitioning value in the
structure that is formed on quenching. This structure is representative
of the melt at the specific glass transition temperature for the
quenching rate experienced. Samples quenched into air exhibit metastable
valence state changes. This ionization process occurs during the longer
cooling time and may be driven by the structural densification within the
melt as cooling takes place. Such structural changes are correlated with
the structure of lunar green glass sample #15426, and possible genetic
interpretations are considered.
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Introduction
Lunar glasses have been a source of great fascination to scientists
ever since the first lunar samples were returned. Products of both
volcanic fire fountaining and meteoritic impacts, glasses may occur in
major proportions in the lunar soil (Stolper, 1974). Petrological
studies of lunar analogue glasses have important implications for
theories about the magmatic evolution and differentiation processes of
the moon. Furthermore, since impact and volcanic glasses may well be
ubiquitous constituents of other extraterrestrial soils, it has become
essential to develop an understanding of the variety of glass structures.
The structural roles played by iron and titanium are particularly
important; these ions exhibit spectral features in the infrared to
visible regions critical to remote-sensing studies. As a result,
research on lunar samples has proceeded along two distinctive lines of
analysis: petrological studies, concerned with glass genesis; and
optical spectroscopy, concerned with glass structures.
There are many inherent experimental problems with studies of lunar
samples (and their synthetic analogues) in terrestrial labs. Although
the Apollo program has generously made small quantities of samples
available to NASA-funded researchers, many of the glass samples must be
tediously separated from larger, mixed soil samples. Once separation has
been accomplished, the resultant glass samples may be homogeneous or
devitrified; sometimes the grains may be coated with a "weathered"
darkened outside layer (possibly caused by micrometeoroid impacts (Adams
and Charette, 1975) or solar wind proton bombardment sputtering (Cassidy
and Hapke, 1975)). It is often unclear whether the crystals within the
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glasses are cogenetic remnants from the original magma, devitrification
products, or simply foreign matter incorporated at the lunar surface by
the glass formation processes. Thus, it is sometimes difficult to obtain
a sufficient quantity of pristine, homogeneous glass for study by the
array of analytical techniques available to us. This has been especially
true of the so-called Russian "Luna 24 brown glass," which was made
available to U.S. NASA scientists in only minute quantities. However,
sufficient amounts of "Apollo 15 green glass" (Delano, 1979) and
"Apollo 17 orange glass" (Mao et al., 1973) are available for study;
consequently these two glass types have been well characterized.
A second major problem with studies of lunar glass samples has
revolved around the experimental techniques necessary to simulate their
compositions and formative temperatures and oxygen fugacities. The
estimated 14000 liquidus for green glass (based on Stolper, 1974) can be
easily attained experimentally. However, there has been no concensus
(and, in fact, little published research) on the best way to quench the
equilibrated melt into a glass. Petrologists rarely document their
methodology for quenching samples; some papers reference air, water, and
butyl phthalate (a highly reducing organic liquid) as common media.-
Geologists commonly assume that quench media have little effect on glass
structure, and that the resultant glass is truly representative of the
original liquid. The inferred characteristics of the original melt are
used to help develop an understanding of lunar geologic processes.
The purpose of this research is to examine closely the differences
which may occur between identically-equilibrated samples quenched in
different media. Results of studies using Mossbauer spectroscopy clearly
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show that quenching conditions strongly influence the iron partitioning
in the green glass structure (Gardon and Narayanaswamy, 1970; Moynihan,
et al., 1974). These results show glass structure changing with
quenching conditions. If this is the case, it will be necessary to
reconsider previous conclusions on glass structures in light of the
quench conditions used to produce them. Such results may also be used to
interpret structures observed in analogous lunar samples, such as green
glass #15426.
Background
As planetary science becomes more and more dependent on unmanned
probes and remote-sensed observations, the task of calibrating and
interpreting such data becomes an important process. Initially,
geochemical studies have concentrated on the task of measuring and
explaining compositional and temperature effects on lunar materials,
especially iron- and titanium-bearing glasses, in order to assign and
predict the location of spectral bands (Nolet, et al., 1979; Nolet, 1980;
Parkin and Burns, 1980). However, as our understanding of glass
microstructures has developed, the technique of Mossbauer spectroscopy
has become a very useful tool in identifying iron distributions in
different types of glasses. This capability has inspired a closer look
at Apollo 15 green glasses, whose petrological origin is unclear.
Since its discovery in the Apollo 15 samples, green glass has been
subject to numerous chemical analyses with varying degrees of agreement.
The so-called "Apollo 15 green glass" has been generalized to simply
"green glass" because it was found to be a common component of the lunar
regolith (soil) in variable quantities at all of the landing sites; it
was by far the most abundant (8% of the regolith (Engelhardt, et al.,
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1972)) at the Apollo 15 site. In appearance, the glass ranges from
yellow-green to emerald green in small (less than 1 mm) spheres. When
weathered it may appear gray-green to orange-brown.
Compositionally, green glass is roughly equivalent to a mafic (iron
and magnesium-rich) olivine basalt, containing about 43% subcalcic
augite, 35% olivine, 21% plagioclase, and 1% ilmenite (Carr and Meyer,
1972). It tends toward a Mg-picritic basaltic composition, with Mg/Mg+Fe
ratios ("Mg numbers") around 0.59 (Warner, et al., 1972). Relative to
any other major lunar glass group, it is low in Ti, Al, Na, and K, and
enriched in Mg, Fe, and Cr. (Ridley, et al., 1973). The composition is
unique in that it has no comparable local rock as a crystalline analogue.
Although the glasses themselves comprise a fairly homogeneous ultramafic
group, only the coarse-grained ferrogabbros (an intrusive igneous rock)
from the Luna 24 site and the Apollo 17 VLT samples come even close to
possible analogues. Petrological data cited by Green and Ringwood (1972)
indicate that green glass cannot be genetically related to any of the
Apollo 11, 12, or 15 mare basalts.
Trace element data on the glasses are even more puzzling. The
glasses themselves are enriched in Ba, Sr, Rb, Ga, and F (Cavarretta,
et al., 1972), and bear a slight negative Eu anomaly (relative to
chondritic abundances) which implies a lack of significant plagioclase
contribution in the genetic process. Samples analyzed by Delano
(1980) show Au, Sb, and Ge in chondritic abundances, with Co, Ga, and Ag
enrichments. These excess elements don't resemble any known influence by
a single meteorite group; in fact Ni, Ir, and C are insufficiently
abundant (with respect to other trace elements) to confirm or reject any
type of meteoritic influence.
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A further variable in the range of green glass characteristics is
the composition of the thin outer micro-layer on the glass spheres. Work
by Meyer et al. (1975) identified this coating to be a thin film of
"micromounds" of Zn, Ga, Pd, Cu, T1, S, F, and C1. The coatings are
highly variable from drop to drop within a given deposit, and are
generally considered to be cogenetic with the droplets themselves
(Butler, 1978). The origin of these coatings is poorly understood and
cannot be considered diagnostic of any particular lunar genetic process;
they can be explained as volcanic fire-fountaining sublimates (Grove and
Vaniman, 1978) or free ions in an impact-melt vapor cloud.
The origin of this glass has been the subject of continuous
discussion in the literature since its discovery. Stolper (1974) was
among the first to examine a variety of green glasses from Apollo 15. He
concluded that their five-group compositional variation was
petrologically-controlled by addition of olivine Fo70 -- probably the
product of impact melting of crystalline ultramafic rocks. Grove and
Lindsley (1978) later attributed compositional variations to a
three-component batch partial melting model, advancing the volcanic
origin theory by modelling evolution of a two-pyroxene + olivine + garnet
source at depths greater than 400 km. The systematics of their model
were contradicted by the inverse correlation of Ni and Mg number observed
by Delano (1979), which would tend to suggest that Ni partitioned
preferentially into the melt. Delano went on to examine orange and red
glass using geobarometry (1980), concluding that source regions for
glass-generating fire-fountains were all between 400 and 500 km depth.
This resulted in a new compositional systematic model (Delano, 1981a)
diagramming a multiphase, magmatically-controlled chemical variation
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process which convincingly fits the observed compositions.
Although the data can be construed to fit the magmatic origin
hypothesis, there are still many advocates who favor an impact melt
origin for the green glasses. It is difficult to distinguish between
volcanic and impact glasses. Volcanic melts would be expected to be
chemically homogeneous (or genetically-linked), regularly-shaped, devoid
of foreign lithic or metallic inclusions, uncontaminated by meteoritic
Ni, and possibly coated with fumarolic deposits (Delano and Rudowski,
1981). All of these conditions could be true of an impact glass as well,
with slightly different interpretations. For example, glass which
condenses out of an impact-generated vapor cloud, or from a very high
temperature melt, might be expected to have many of these
characteristics. Fumarolic deposits can be explained as late-stage
vaporization deposits. Although the presence of schlieren and shocked
inclusions in green glass is not common (Norman, et al., 1978), it has
been observed (Warner, et al., 1972). The fact that green glass has no
fine-grained (extrusive igneous) equivalent at nearby locations on the
Moon lends even more credence to the impact melt genetic hypothesis.
However, the timing of the Imbrium event itself is not consistent
with experimentally-determined ages of green glass. Imbrium is generally
conceded (e. g. Solomon and Head, 1980) to be about 3.9 G. y. old, based
on lunar basalt dates and overlapping surface features. The green
glasses themselves have been shown to be about 3.34 ±+ .06 G. y. in age,
roughly contemporaneous with mare basalts found near the Apollo sites
(Papanastassiou and Wasserbury, 1973). Basalt components have been
observed in some of the green glasses (Wood and Ryder, 1977) which
further seems to preclude Imbrium as a source. Alternatively, small
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meteorid impacts on a mare basalt might produce sufficient transport to
generate a green glass-type distribution (Carusi et al., 1972), but this
seems unlikely. There is no specific impact that can account for the
observed production of green glass.
Terrestrial localities of "hypervelocity impact sites" have been
carefully studied. Outcrop distributions at Mistastin and Manicouagan
sites in Canada demonstrate that impacts have the ability to mix sizable
volumes of distinct components into a roughly homogeneous composition
(Grieve, et al., 1977). Inclusions are most common in glasses found at
great distances from the impact sites or directly under them. Perhaps
the lack of inclusions observed in lunar green glass may be a function of
the limited range of our sampling. Work on terrestrial localities by
Dence (1971) also shows that Ni, Co, Fe, and Mg may all be considered
indicators of meteoritic contamination, but that they may not always be
apparent. Modelling of Imbrium-type impacts on the Moon by O'Keefe and
Ahrens (1978), leads to the prediction that about 28 meteorite masses of
shock-induced melt are created by one impact; including the accompanying
volume of vapor (approximately 6 times the volume of the melt O'Keefe and
Ahrens, 1977)), it is not surprising that the original meteorite
composition might be diluted beyond recognition.
It has been estimated (O'Keefe and Ahrens, 1976) that the highest
speed, hottest ejecta are launched at the highest angles and travel the
farthest from the impact site. These melts would be the products of the
highest pressure-temperature conditions near the point of impact, where
the rock vapor phase is generated by boiling melt with a postshock
temperature of up to 25800 C (Stoffler, 1971). In the case of Imbrium,
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this translates into 8.87 x 1019 g of melt and partial melt, as inferred
from shock effects (O'Keefe and Ahrens, 1975). Certainly an Imbrium-type
event could generate the far-flung distributions of compositionally
distinctive green glasses. However, although the observed distribution
of green glass on the lunar surface might resemble that which could come
from an impact melt, no likely crater has been found which could have
created these green glasses at the appropriate time.
In summary, it becomes clear that there are problems with both the
volcanic and impact melt origins hypothesized for green glasses.
However, the most recent concensus by petrologists (Delano and Livi,
1981) is that the volcanic hypothesis is preferable. Work by Uhlmann and
coworkers (1979, 1980) on this composition suggests that green glass
probably cooled at a relatively slow rate. In this study, we use the
tool of Mossbauer spectroscopy to help understand the relationship
between glass genesis, cooling rate, and the resultant quenched glass
structure. This work on the effects of quench media on iron partitioning
and ordering in glasses was motivated, in part, by the desire to
determine whether changes in quench rates could result in noticeable,
characteristic changes in glass structure, which might in turn be used to
interpret analogous structures in real lunar samples.
Experimental Procedure
A synthetic silicate glass simulating the composition of Apollo 15
green glass (Dyar and Burns, 1981) as prepared from reagent grade
starting mixtures, with Fe in the form of ferrous oxalate and Si as
silicic acid. Bulk glasses were annealed for one hour at 1450 0C (roughly
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500C above the liquidus for this composition (Stolper, 1974)) in covered
platinum crucibles; they were examined for homogeneity by petrographic
microscope and electron microprobe. Compositions of the equilibrated
glasses were measured using a MAC-5 electron microprobe operating at
15 kV and employing Bence-Albee corrections; samples contain 45.5% Si0 2,
0.4% Ti0 2, 7.9% A1203, 19.9% FeO, 17.2% MgO, and 8.6% CaO by weight (Dyar
and Burns, 1981). Chips of the synthetic glass were re-equilibrated for
one hour in a vertical, platinum-wound resistance furnace buffered with
CO-CO 2 to log f02 = -10.2, at 1400 0C, using 0.1 mm iron-saturated
platinum wire loops as sample holders (Grove, 1981). Samples were drop-
quenched into five different media: liquid nitrogen (-1960C), a NaCl-ice
eutectic mixture (-21 0C), silicone oil, water, and air (all at 250C).
Duplicate runs were made for each quenchant. Two samples (brine/ice and
oil-quenched) were x-rayed using a Debye-Scherrer camera which detected
the presence of small amounts (< 10%) of olivine crystals (~ 10 microns)
in both samples, which were also visible under a petrologic microscope.
The euhedral morphology of these crystals suggests that they are
equilibrium olivines, not quench products; they were equilibrated
slightly below the liquidus for this composition.
Samples were ground under acetone, mixed with sugar, and mounted in
plexiglass holders. Spectra were recorded on a constant acceleration ASA
Mossbauer spectrometer. The source was 40 mCi 57Co in Rh matrix, and
calibration was relative to the spectrum of iron foil (Dyar, 1985).
Spectra were fitted to component doublets using Lorentzian and Gaussian
line shapes (Burns and Dyar, 1983) and a Gauss non-linear regression
method (Stone, et al., 1971).
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Results
Mossbauer spectra of the five quenched glasses are shown in
Figure 1, and the Mossbauer parameters are summarized in Table 1 and
Figure 2. Spectra are arranged in order of quench efficiency, with the
least effective quench at the bottom (Table 2). Two vertical lines show
the location of the Fe2+ quadrupole doublet in crystalline olivine.
Several distinguishing features can be used to evaluate these spectra.
The spectrum of the sample quenched in air displays a ferric iron
doublet roughly half way between the two ferrous doublets. The related
fit (see doublet numbered 4 in Figure 1) shows that there is a
substantial amount of Fe3+ present in the sample (approx. 24% of the
total Fe). Similar results have been reported earlier for a slightly
different synthetic green glass, and the related, low Ti "Luna 24 brown"
glass as well (Dyar, 1985). Small amounts of olivine, with identical
Mossbauer parameters to the crystalline phase (Schaefer, 1983), are also
present. Most likely, the 4% olivine seen in this Mossbauer spectrum
represents a good estimate of equilibrium liquidus olivine present in all
the glasses. Two other glass doublets with "intermediate" isomer shifts
represent contributions from both six- and four-fold coordinated ferrous
iron. Of the five samples studied, the air quench exhibits the
relatively highest degree of ordering, with four types of distinct sites.
The other samples have fewer resolvable sites and less short-range order.
In particular, the air quench has a significant effect on the
partitioning of Fe in the glass, generating a unique distribution of iron
cations which is unlike samples quenched in other media.
Other samples show a more subtle variation as a function of quench
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Tabl e 1
Mossbauer Parameters for Glasses
Quench
Medium
Brine
Water
Oil
Liquid
Nitrogen
Air
Peak
Number
1
2
1
2
1
2
3
1
2
3
1
2
3
4
Lunar
Sample
15426
Note: Values for isomer
Fe foil.
Isomer
Shi ft
(mm/sec)
1.229
0.978
1.243
0.996
1.321
1.023
0.938
1.388
1.028
0.961
1.150
1.006
0.986
0.542
1.147
1.117
0.988
shift are
Quadrupol e
Splitting
(mm/sec)
2.242
1.894
2.315
1.878
2.641
2.152
1.151
2.399
2.195
1.552
3.029
2.668
2.005
0.890
2.798
2.123
1.694
relative to
Percent
Area
32%
68%
32%
68%
15%
70%
15%
14%
49%
37%
4%
12%
60%
24%
13%
31%
56%
the midpoint
Chi -
Squared
659
1034
567
509
392
648
of a metallic
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Table 2*
Approximate Heat Transfer Coefficients in Order of Quench Efficiency
Medium
Brine
Water
Oil
Liquid Nitrogen
Ai r
h, BTU/hr.-ft2F
480
240
48
* Values based on data from:
G. H. Geiger and D. R. Poirier, Transport Phenomena in Metallurgy
(Addison-Wesley, Reading, Mass., 1973) 259.
J. Cornet and D. Rossier, J. Non-crystalline Solids, 12 (1973), 61.
** not available; position inferred
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Figure 1. Room temperature Mossbauer spectra of glasses, all
quenched from melts equilibrated at 14000 C and log f02 = -10.2 (except
15426) Left column shows unfitted spectra; two vertical lines indicate
where peaks for Fe2+ in natural crystalline olivine should fall. Right
column shows curve envelopes (dashed lines) and deconvoluted doublets,
for which Mossbauer parameters are summarized in Table 1. Offset of
olivine peaks from crystalline values may indicate very small, slightly
distorted crystallite size or the addition of an eight-fold coordinated
site.
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Figure 2. Relative distributions of isomer shifts for samples
quenched in different media. Doublets which lie close to the
Feoct 2+ - Fetet 2+ "boundary" represent a range of sites in both
coordinations; doublets shown represent a mean distribution. Dominant
trend is for isomer shift (and average coordination number) to increase
in denser, more slowly cooled samples.
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efficiency. As seen in the fitted spectra in Figure 1, the general trend
is toward more peaks (greater short-range order) with less efficient
quenching. Liquid nitrogen is a particularly poor quenchant because the
heat transferred from the sample to the quenchant promotes the formation
of a vapor layer around the sample, insulating it from the liquid
nitrogen in the initial stages of cooling. Samples quenched in liquid
nitrogen and oil display two doublets, characteristic of Fe2+ in
four- and six-fold coordination in the glass, and a third doublet with a
high isomer shift.
In the liquid nitrogen- and oil-quenched samples the assumed olivine
isomer shift of 1.32-1.38 + 0.003 mm/sec is anomalously high; crystalline
olivine usually falls around 1.15 mm/sec as was observed in the
air-quenched samples. Through elaborate use of constraints in the
curve-fitting program, an effort was made to force the olivine peaks to
their "known" positions, but such fits resulted in poor statistics and
unreasonable parameters for the glass Fe2+ peaks as well. Furthermore,
the area of the doublet with high isomer shift is larger (~ 14% of the
total iron) than the measured 4% olivine in the air-quenched sample, or
the estimated < 10% olivine content observed optically. It might be
possible for the Mossbauer effect to slightly exaggerate the olivine
abundance due to the relatively larger recoil-free fraction of iron in
olivine vs. iron in glass, but the corrected value would only barely
accommodate the observed "olivine" site occupancies (14%) in liquid
nitrogen and oil, and fail to accommodate the 32% resolved in samples
from brine and water quenches. It is also possible that the olivine in
these samples is some kind of highly distorted olivine phase, but the
crystals appear regular under a petrographic microscope and give the
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expected lines in X-ray diffraction.
Therefore it can be concluded that some iron site other than olivine
is probably present, though their Mossbauer peaks may overlap; the other
site seems to have an isomer shift which is too high for octahedral Fe2+
in any silicate. This extra site cannot be crystalline because olivine
accounts for all the lines in the X-ray pattern. Therefore this
additional doublet may represent Fe2+ in eight-fold coordination sites,
as predicted for a glass structure by Bernal (Bernal, 1964). This
component doublet may overlap too closely to be resolved separately; its
contribution to the combined peak probably influences the observed isomer
shift.
The two most efficient quenchants were water and the brine/ice
eutectic mixture. Even though it may form a vapor barrier (Rohsenow,
1964), water is a relatively good quench medium. Large heat fluxes are
absorbed due to the high heat of vaporization of water. Adding salt
decreases the vapor pressure of the water and inhibits vapor barrier
formation even further.
As shown in Figure 1, Mossbauer spectra of water and brine/ice
quenches can be deconvoluted into only two glass doublets, one with an
isomer shift slightly larger than tetrahedral Fe2+ (indicating some
contribution from some Fe2+ in six-fold sites) and one with parameters
representing Fe2 + in olivine and/or eight-fold coordination. The fact
that only two doublets can be resolved suggests that these glasses have
the most random structures; the variety of iron sites represents a
continuum of coordinations from four- to six- to eight-fold with no
resolvable groupings. Such a scenario implies that iron is completely
randomly-distributed among all types of sites available. This contrasts
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with the four-doublet spectrum of the air-quenched sample, where the
cations are less random because they are starting to "organize" into only
four distinct sites. The samples quenched in water and brine/ice probably
come closest to approximating the valence and coordination of iron
cations in the original melt.
These results can be usefully contrasted against the Mossbauer
spectrum of the lunar sample itself. A spectrum of hand-picked glass from
Apollo 15 lunar sample #15426 is also shown in Figure 1, and its
Mossbauer parameters are given in Table 1 (Dyar and Burns, 1981). This
sample contains olivine crystallites, as do all the samples analysed
above. However the remaining peaks in its spectrum correspond to only
Fe2+ , in two doublets with isomer shifts of 1.1173 and 0.9882 mm/sec,
representing six- and four-fold iron coordinations. The relative amount
of order shown in the structures in this lunar glass strongly suggests
that the sample had a rather slow quench history, perhaps similar to the
oil-, liquid nitrogen-, or air-quenched samples.
Discussion
All of the results are summarized in Figure 2, which shows the
relative distributions of isomer shifts for samples quenched in the five
media. It should be noted that the isomer shift values represent
broadened peaks with approximately 40% Gaussian contribution to their
line shapes. Each of these doublets (except the purely crystalline
olivine peak in the air-quenched samples) represents a range of different
glass environments, predominantly occurring in the Fe2+ six-fold to Fe2+
four-fold range. Faster cooled samples (brine/ice and water quenches)
exhibit the most random distribution between four-, six- and perhaps
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eight-fold Fe2+ . More slowly cooled samples are slightly less random,
such that distinct populations of six-fold and four-fold iron sites can
be resolved even though they do overlap.
Data presented in Figure 2 show two other interesting trends. There
is a definite increase in isomer shift (and by implication, coordination
number) as the glass structure gets denser (by virtue of being cooled
more slowly) (Gardon and Narayanaswamy, 1970: Moynihan, et al., 1974).
This trend continues through all the samples except the very slowly
cooled air-quench. In that sample, four-fold Fe3+ appears to have formed
at the expense of six- and eight-fold Fe2+ .
Another characteristic of the air-quenched sample is illustrated in
Figure 3, which shows the sample one, fourteen and twenty-six months
after equilibration in the gas-mixing furnace. Between measurements the
sample was stored undisturbed in its original sugar-coated state in air
in the plexiglass sample holder. With time, the apparently metastable
Fe3+ is reduced; after three years there is no longer any detectable
ferric iron.
As the quenching rate is increased, there is a tendency for the iron
atoms to prefer tetrahedral sites in the glass network. This result may
be explained by correlating probable diffusion rates with glass structure
changes during quenching.
Glass Structure
One typical measure of glass structure variation with temperature is
a plot of the molar volume as a function of temperature (Kingery, et al.,
1976). A characteristic plot of this type is seen in Figure 4. Above
the melting point of the crystalline phase, the melt volume varies at its
characteristic rate. When actual crystallization occurs there is a
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Figure 3. Room temperature Mossbauer spectra of an air-quenched
sample run one, fourteen, and twenty-six months after equilibration in
the gas-mixing furnace. Initially, Fe3+ is present (- 24% of total
iron), as seen by the conspicuous shoulder on the lower velocity peak.
After time, only Fe2+ is present in the fourteen and twenty-six month
spectra.
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Figure 4. Plot of molar volume as a function of temperature, showing
the variation in glass structure as samples are quenched through
different glass transition temperatures. Above the melting point of the
crystalline phase (Tmp), the melt volume varies at a characteristic rate;
with crystallization, a discontinuous change in molar volume occurs. If
the liquid is supercooled at different rates (such as those produced by
use of different quench media), then the glass transition temperature
occurs at different temperatures (denoted Tgl , Tg2 , Tg3) as the glass
cools to room temperature (TO). Because of the change in slope at Tg,
glasses cooled at varying rates will quench in variable molar volumes.
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discontinuous change in the molar volume, usually a representing a
decrease. When the crystalline phase fails to nucleate, the liquid
continues to cool until the glass transition temperature is reached.
Below this temperature the glass is viscous enough to behave similarly to
its crystalline relative, as shown by the gradual change in slope to
become parallel to the crystalline line. The different values of thermal
expansion that are found are probably representative of two different
mechanisms occuring. At low temperature the thermal expansion is
accommodated by changing of interatomic bond distances only. At high
temperatures, these bond length changes are accompanied by changes in the
configuration of the interconnected network of the glass, resulting in
the steeper slope at higher temperatures as seen in Figure 4 (Hosono,
et al., 1983).
The most interesting feature of Figure 4 is that when the glass is
cooled at different rates, the glass transition (denoted by Tg) occurs at
different temperatures (Kingery, et al., 1976). When the cooling rate is
high, the glass transition temperature is also high. Because of the
change in slope at the glass transition, the faster cooled glasses will
also tend to have a higher molar volume at room temperature (i.e. lower
density). The structure that is frozen into the glass is the structure
at the glass transition temperature, not the structure of the original
high temperature melt.
In a less dense structure, iron is free to occupy randomly either
four-, six-, or even eight-fold sites. However, as the molar volume is
decreased (corresponding to lower Tg's) the four-fold sites become
smaller and may drive the iron atoms into larger sites. This correlates
well with the observation that there is a larger fraction of the iron in
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four-fold sites when the glass is quenched more quickly.
Diffusion
A common estimate of diffusion lengths is given by:
X _ /Dt
where X is the diffusion length, D is the diffusion constant, and t is
time. By substituting possible values for diffusion rates (typically
10- 8 to 10-10 cm2/sec in the melt and < 10-10 cm2/sec below Tg), it may
be seen that atoms can diffuse rather long distances even in the time it
takes to travel from the hot zone of the furnace to submersion in the
quench. A diffusion length of 1000A may be obtained. Therefore, the
short distances between nearest four- and six-fold sites can easily be
covered during quenching alone. This suggests that the iron can
partition between sites almost instantaneously relative to the time that
it takes to remove the heat from the sample. Therefore the variation in
six- and four-fold site occupancy probably correlates with a virtual
change in the structure that is quenched into the glass.
Ferric Iron
There is evidence for redistribution of Fe atoms or electrons at
room temperature. As Figure 3 shows, the Fe3+ that is initially present
in air-quenched samples appears to be metastable and disappears with
time. The ferric iron in four-fold sites is slowly changed to ferrous
iron in unknown site geometries. It is conceivable that diffusion from
the four-fold environment to neighboring six-fold sites allows the
valence change. This would require a 0D at room temperature of about
10-22 cm2/sec, based on a 5A diffusion length over one year, which is
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quite slow.
The initial presence of Fe3 + is enigmatic. It may be partly
rationalized in terms of melt polymerization or pressure effects. Mysen
and Virgo (1978) have found that tetrahedral ferric iron is favored
somewhat at high pressures. This is explained by melt polymerization and
the presence of oxygen gas dissolved in the melt, to maintain charge
neutrality.
In the present work the large fraction of ferric iron and the low
equilibrium oxygen partial pressure seem to belie an influence of
dissolved oxygen gas. However, the concept of a positive correlation
between pressure and melt polymerization may be useful. Perhaps the
denser, air-cooled samples are analogous to the previously-studied high
pressure glasses.
In any case, the presence of such a large fraction of Fe3 + is
anomalous. Its disappearance with time shows that the environmental P0 2
was quenched into the sample. Other charge compensation mechanisms to
account for this large magnitude transient effect are difficult to
imagine.
Alternatively, work on Cu2+ in low alkali borate glasses (Hosono et
al., 1983) suggests that "hinge joints" in borate networks may
accommodate changes in coordination number and charge through
reassignment and sharing of bridging oxygens. Such a structural
rearrangement of oxygens might also accommodate the Fe changes observed
in the air quenches, although there would still be a problem with charge
balance.
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Lunar Green Glass 15426
Although this discussion is of interest to broadly-based glass
research, it also provides some clues to the original geochemical problem
of green glass origin. Both this study and work by Uhlmann and
co-workers (Uhlmann, et al., 1979; Yinnon, et al., 1980) have suggested a
very slow cooling rate for lunar green glass (8.30K/sec (Yinnon, et al.,
1980)). However, cooling rate alone cannot distinguish between volcanic
and impact glasses because similar cooling scenarios (probably some form
of conductive heat transfer in contact with other melt droplets) can be
envisioned for either type of genesis. Analogous Mossbauer spectra of
terrestrial volcanic vs. impact glasses which might be used for
comparison do not exist.
Conclusions
Quenching of the Apollo 15 lunar green glass composition at
different rates yields glass structures that are markedly different with
respect to iron site occupation and valence. Faster quenching rates
yield a less dense structure that can accommodate more iron in four-fold
sites. In the denser glasses (more slowly cooled) the iron tends to
favor higher coordination. The short distances between six- and
four-fold sites in the structure (on the order of angstroms) provide that
the iron will come to its "equilibrium" value in the structure that is
formed on quenching. This structure is representative of the melt at the
specific glass transition temperature for the quenching rate experienced.
The presence of ferric iron is probably due to the slower cooling rate
experienced by the sample.
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Fe3+ does not occur in the analogous lunar sample #15426, which
displays a relatively high degree of ordering suggestive of a slow
cooling rate. However, no definite conclusions can be drawn about the
relationship between the origin of this lunar sample and its cooling rate
until Mossbauer spectra of terrestrial impact glasses are examined.
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Abstract
Compositions analogous to lunar green, orange, and brown glasses
were synthesized under consistent conditions, then quenched into a
variety of different media when the samples were removed from the
furnace. Iron valence and coordination are a direct function of quench
media used, spanning the range from brine/ice (most effective quench),
water, butyl phthalate, silicone oil, liquid nitrogen, highly reducing
CO-CO 2 gas, to air (least efficient quench). In the green and brown
glasses, Fe3+ in four- and six-fold coordinations is observed in the
slowest quenched-samples; Fe2+ coordination varies directly with quench
efficiency. Less pronounced changes were observed in the Ti-rich orange
glass. Therefore the remote-sensed reflectance spectrum of a
glass-bearing regolith on the Moon may contain information about the
process by which the glass cooled. Extreme caution must be used when
comparing spectra of synthetic glass analogs with real lunar glasses.
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Introduction
Interpretations of remote-sensed reflectance spectra are strongly
dependent on our knowledge of the spectral characteristics of typical
minerals and rock types which occur on planetary surfaces. When the
Apollo samples revealed the presence of significant amounts of glass in
the lunar soil, it quickly became important to study the typical lunar
glass compositions and learn to recognize their spectral signature.
Laboratory measurements of electronic absorption spectra of lunar samples
have occasionally been used to calibrate the remote-sensed spectra; more
frequently this work has been supplemented by detailed studies of
synthetic samples with analogous compositions.
However, attempts to synthesize the precise compositions and
microstructures of lunar glasses have yielded a variety of different
interpretations for the characteristic peaks in the glass spectra.
Because most lunar glasses have iron-bearing compositions, their spectra
are dominated by three iron absorption features: a one micron band
attributed to Fe2+oct (Burns and Vaughan, 1975); a 1.7 - 1.9 micron band
stemming from Fe2+ ions in either a very distorted pyroxene-like M2 site
(Wells and Hapke, 1977; Goldman and Berg 1980) or an Fetet 2+ site in the
glass (Bell et al., 1976; Nolet et al., 1979); and an oxygen-to-iron
charge transfer absorption edge in the ultraviolet to visible region of
the spectrum (Dyar and Burns. 1981). These structural assignments have
been complicated by the discovery of marked differences between Mossbauer
spectra of synthetic glasses (in particular, the Apollo 15 green glass
composition), and analogous lunar samples of identical compositions and
similar equilibration conditions (Burns and Dyar, 1983).
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Detailed examination of the discrepancies between lunar and
synthetic glasses has recently begun to clarify the problems.
Preliminary work on the green glass composition has shown that the
distribution of Fe2+ and Fe3+ ions between 4-, 6- and 8-fold sites is
directly a function of the quenching medium used when the samples were
removed from the furnace (Dyar and Birnie, 1984). The purpose of this
paper is to present additional results on the effects of quenching on
green, brown, and orange lunar glass compositions, and to demonstrate the
effects of quenching processes on iron partitioning and valency in these
glasses. Careful control of quenching rates is always necessary to
reproduce synthetic glasses which are the structural analogs of lunar
samples; only then can an accurate picture of the spectral
characteristics of glasses be developed.
Background
The technique of Mossbauer spectroscopy has been used in well over
one hundred studies of iron-bearing glasses since the apparatus came into
popular use in the early 1960's (Dyar, 1984). For the most part, this
work has been oriented toward establishing an understanding of iron redox
equilibria (especially Fe2+/Fe 3+ ratios) as a function of temperature,
pressure, and composition. Surprisingly little use has been made of the
capability of Mossbauer spectroscopy to determine iron site occupancies
in a range of compositions and to distinguish quantitatively not only
between valency states, but also between four-, six-, and even eight-fold
cordinated sites. This capability is specifically what is needed to
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distinguish between the variously-quenched glasses and is the focus of
this study. However, the application of Mossbauer spectroscopy to glass
research requires a thorough understanding of specialized curve-fitting
techniques appropriate to amorphous media and this is addressed first.
In a crystalline substance where the iron atoms are not influenced
by matrix effects (such as in a pure metallic iron foil), the Mossbauer
spectrum should exhibit peaks with an undistorted line shape which
closely approximates a Lorentzian curve (Bancroft, 1973). The Lorentzian
line shape corresponds to the basic nuclear resonant transition process
which has a Breit-Wigner form. Similarly, a 57Fe cation in a perfect
(iron end-member) mineral structure should also be excited by a very
small range of gamma ray energies, so the spectral profile will also be
approximated by a Lorentzian line shape.
In a glass structure, site geometries are much more variable than
those in a regular crystalline substance. A glass contains a range of
cation sites having six or four nearest neighbor anions (oxygen in
silicate glasses). Although no individual site is constrained to a
particular symmetry, charge balance considerations suggest that each site
should approach a regular octahedron or tetrahedron. However, the
collection of sites is in no way crystallographically constrained to be
equivalent. This means that each site can be unique in terms of cation
to anion distances and anion-cation-anion bond angles; the variety of
sites is attributed to the randomized structure of the glass matrix.
The Mossbauer spectrum of such a glass can be represented by one of two
models: either as a collection of many (5 - 10) elementary doublets with
linearly-related 6 and A values (Eibschutz et al., 1981; Eibschutz and
Lines, 1982; Keller, 1981), or as a few (1 - 4) Gaussian-broadened
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doublets with independent 6 and A values appropriate to different
coordination envirnments (Burns and Dyar, 1983).
The former approach has been applied to silicate glasses by workers
at the Geophysical Laboratory in Washington, D. C. (Danckwerth, 1982;
Danckwerth and Virgo, 1982; Danckwerth et al., 1982) to assess the effect
of composition on the line shape of a Mossbauer spectrum. Their fitting
technique constrains all the peak line-widths to be equal to 0.30 mm/sec
(close to the natural line-width for Fe in a typical silicate ). Then a
number of these peaks (constrained as doublets) are fit to the spectrum
of a glass. Additional doublets are added to the fit until the residuals
reach an apparent minimum (usually around 8 - 10 doublets). These
"distribution model" fits have low observed residuals, and appear to
provide an accurate description of the absorption envelope (Danckwerth,
1982).
There are some problems with the multiple doublet technique. Its
main justification is that residual values decrease significantly when
many doublets are used. The reduction in residuals must be (in part) a
natural consequence of increasing the number of Lorentzian lines.
Furthermore, it is probably unrealistic to constrain individual peak
widths to 0.30 mm/sec. Values of r for crystalline silicates can range
up to 0.35 mm/sec (Bancroft, 1973), due to next nearest neighbor effects,
electronic relaxation (Morup and Both, 1975), and multiple, superposed
peaks (Whipple, 1981). It seems unreasonable to expect that even
elementary doublets in a glass should be narrower than doublets in
crystalline substances. If the multiple doublet model constrains peak
widths to be narrow, it is no wonder that more doublets are required to
describe the spectrum. Probably fewer, wider doublets would be just as
succcessful.
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There are other fundamental problems with the multiple doublet
model. The precision of the Mossbauer technique itself is insufficient
to distinguish accurately between such closely overlapping lines
(Bancroft, 1969/70); as a rule of thumb, peaks closer than 0.15 mm/sec
may not be resolved uniquely. This problem may sometimes be overcome
(or improved upon) if one or the other of the component peaks of the
doublet is not overlapped. However, in the model of numerous elementary
doublets all the peaks are heavily overlapped.
In fact, use of the multiple doublet method may decrease residuals
(for reasons stated above), but there is no apparent change in parameters
between the elementary doublet fits and the Gaussian-broadened (few)
doublet fits. Data presented by Danckwerth et al. (1982) show that
derived Mossbauer parameters from the two different methods of
least-squares fitting are the same within + 0.01 mm/sec on isomer shifts,
and + 4% on Fe3+/zFe ratios (+ 1.5% for the area of each peak; Dyar,
1984). So the use of the multiple elementary doublet method does not
improve or change results within the errors of the measurement. It seems
unnecessary to lengthen the computation time of these fits by the factor
of 2 to 16 which is needed to accomodate multiple elementary doublet
fits.
Instead, the Mossbauer measurements in this paper will use
combination Lorentzian/Gaussian line shapes to fit glass spectra. This
model assumes that the Mossbauer spectrum of a glass will represent the
overlap of several Lorentzian lines arising from cations in many
individual six- or four-fold coordinated sites, resulting in a
distribution of line shapes which have a "pseudo-Gaussian" component.
Therefore such a line shape can be fitted with a curve shape which
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compromises between the Lorentzian character of the individual sites, and
the summed collection of the many types of sites, which may be fitted as
a pseudo-Gaussian component.
Experimental Procedure
Bulk glasses simulating the "Apollo 15 green" (Delano, 1979) and
"Luna 24 brown" (Bell et al., 1978) glass compositions were prepared from
reagent grade oxides, with Fe in the form of ferrous oxalate and Si as
silicic acid, in covered platinum crucibles at 14500C for one hour. In
order to verify the homogeneity of the glasses (and to justify the
one-hour annealing time), samples were examined by petrographic
microscope and electron microprobe. No crystals were observed in the
bulk glasses. The shortest possible annealing time was necessary to
minimize Fe loss to the Pt-crucible; however, some minor Fe loss probably
did occur (Flamm, 1979). The final glass compositions given in Table 1
represent the equilibrated glasses, chips of which were used in
subsequent re-equilibrations. Microprobe compositions of the three
glasses in Table 1 were measured using a MAC-5 electron microprobe
operating at 15 kV and employing Bence-Albee corrections. The bulk
starting glass for the "Apollo 17 orange" glass composition was
generously donated by Peter Bell of the Geophysical Laboratory in
Washington, D.C.; it is an aliquot of the composition denoted "F3 T3 "
(Bell et al., 1976).
Approximately 30 mg (about 3 mm diameter) chips of the synthetic
glass were re-equilibrated for one hour in a vertical, platinum-wound
resistance furnace buffered with CO-CO2 to log f02 = -10.2 at 14000 C for
the green glass and log f0 2 = -11.3 at 1290 0C for the brown and orange
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Table 1
Glass Compositions
Green* Brown* Orange**
Si0 2  45.5 46.6 39.42
Ti0 2  0.4 1.0 9.04
A120 3  7.9 12.0 6.35
FeO 19.9 20.0 22.48
MgO 17.2 6.8 14.97
CaO 8.6 12.2 7.74
Total 99.5 98.6 100.0
* from Dyar and Burns, 1981
** from Bell et al., 1976
Data are based on microprobe analyses; all Fe is reported as FeO;
all Ti is reported as Ti0 2.
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glasses. Samples were suspended in the furnace on loops of 0.005" Pt
wire which had been alloyed with 20 wt.% Fe to minimize further iron loss
from the samples (Grove, 1981). Samples were drop-quenched into a
variety of different quenching media: liquid nitrogen (-1960C), a
NaCl-ice eutectic mixture (-21 0C), silicone oil, water, butyl phthalate,
air (all at 250C), and a very reducing gas mixture (CO-CO2 at -350C)
wnich was achieved by simply dropping the sample into the bottom of the
still-sealed furnace tube. Because the ylass compositions are not
particularly iron-rich, repeated runs were necessary for each quenchant
in order to accumulate sufficient sample for a Mossbauer spectral
measurement. Two samples of the green glass (brine/ice and oil-quenched)
were x-rayed using a Debye-Scherrer camera. Small amounts (estimated to
be <10% by inspection of the x-ray film; V. M. Burns, personal
communication, 1983) of 10 micron olivine crystals were detected in both
samples. The olivine in the green glass as well as ilmenite (<2%) in the
orange glass, were visible under a petrologic microscope. The presence
of euhedral crystals suggests that they are equilibrium phases, not
quench products. Additional glass samples were equilibrated slightly
below the liquidus for green glass (Stolper, 1974) and above the orange
glass liquidus as well (Green et al., 1975).
Samples were ground under acetone, mixed with sugar, and mounted in
plexiglass holders sandwiched between cellophane tape. Mossbauer spectra
were recorded on a constant acceleration ASA spectrometer, using a 40 mCi
57Co in Rh matrix for the green and orange glasses, and a 100 mCi 57Co in
Pd matrix for the brown glass. Velocity was calibrated relative to the
spectrum of iron foil.
Mossbauer spectra were fit to a sum of Lorentzian-Gaussian combined
line shapes (as described above) by means of the Gauss non-linear
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regression procedure, using a facility to constrain any set of parameters
or linear combination of parameters as provided by the program STONE
(Stone et al., 1984). Based on experience with green glass (Burns and
Dyar, 1983), a 60% Lorentzian/40% Gaussian line shape was used in all the
glass fits.
Results
Green Glass
Mossbauer spectra of the green glass composition, quenched into
seven different media, are shown in Figure 1. Spectra are arranged in
order of quench efficiency, from the brine/ice quench (most efficient)
through water, butyl phthalate, silicone oil, liquid nitrogen, furnace,
and air quenches (least efficient). Corresponding parameters are listed
in Table 2. It is obvious from the parameters that the quench media has
a controlling, systematic effect on the iron occupancies in the glasses.
The data show three particularly notable features:
1. the presence of Fe2+ in eight-fold sites
2. a trend toward more peaks (and Fe3+) with slower quenching
3. a trend toward higher isomer shift with slower quenching. Each
of these points merits further consideration.
The presence of significant amounts of eight-fold coordinated sites
in a random glass network was predicted in the early 1960's by Bernal
(1964). Because a rapidly-quenched glass is the closest analog to a real
randomly ordered melt, it might be expected that the fastest quenches
would show the most eight-fold coordinated ions (in this case, Fe2+).
Data on the green glass composition show the presence of eight-fold iron
quite clearly; the percent of iron in highest isomer shift sites
decreases systematically in the less efficient quenches because the
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Figure 1. Mossbauer spectra of the green glass composition
equilibrated at 1400 0C, f02 = 10-10.2 and quenched into the seven media
shown. Horizontal axis is in mm/sec; vertical axis is % transmittd gamma
rays. Quenching efficiencies range from brine/ice (best quenchant),
water, butyl phthalate, silicone oil, liquid nitrogen, in-furnace
atmosphere, to air (poorest quenchant). Velocity ranges are calibrated
with respect to the range and midpoint of a metallic Fe foil.
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Table 2. Mossbauer Parameters for Green Glass Quenched into Different Media
Quench Medium
Brine/
Ice
Butyl
S.D.* Water S.D.* Phthalate
Liquid
Oil S.D.* Nitrogen S.D.* Furnace S.D.* Air S.D.*
tI.S. Doublet 1
§Q.S. Doublet 1
% Area " "
I.S. Doublet 2
Q.S. Doublet 2
% Area " "
I.S. Doublet 3
Q.S. Doublet 3
% Area " "
I.S. Doublet 4
Q.S. Doublet
% Area "
x
2 
of fit
§§% Misfit
1.229
2.242
32
0.978
1.894
68
(0.014)
(0.039)
(4)
(0.014)
(0.012)
(4)
1.243
2.315
32
0.996
1.878
68
(0.011)
(0.024)
(2)
(0.007)
(0.010)
(2)
1.300
2.464
13
1.006
1.872
87
(0.101)
(0.192)
(5)
(0.020)
(0.041)
(5)
1.321
2.641
15
1.023
2.152
70
(0.068)
(0.136)
(4)
(0.014)
(0.026)
(5)
0.938 (0.035)
1.151 (0.085)
15 (4)
659 1034 741
1.388
2.399
14
1.028
2.195
49
0.961
1.552
37
(0.010)
(0.020)
(1)
(0.008)
(0.023)
(7)
(0.010)
(0.099)
(7)
567
1.432
2.317
10
1.081
2.001
64
0.821
1.973
16
0.615
1.537
10
480
(0.002)
(0.002)
(2)
(0.028)
(0.013)
(6)
(0.042)
(0.042)
(5)
(0.002)
(0.001)
(2)
0.214 (0.036) 0.335 (0.029) 1.087 (0.146) 0.043 (0.012) -0.003 (-0.005) -0.144 (-0.053)
1.150
3.029
4
1.006
2.668
12
0.986
2.005
60
0.542
0.890
24
(0.008)
(0.016)
0
(0.026)
(0.056)
(3)
(0.013)
(0.044)
(3)
(0.019)
(0.038)
(0)
-0.092 (-0.017)
*S.D. = standard deviation of the individual parameter. See
tI.S. = isomer shift of doublet, relative to the midpoint of
§Q.S. = quadrupole splitting.
§§ See Ruby [1973] for details.
Dyar [1984] for details.
a metallic Fe foil.
~
.
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slower quenches are denser and less random (Dyar and Birney, 1984).
The high isomer shift doublet (6 = 1.32 - 1.38 mm/sec) also seems to
overlap the region where the smaller, 1.15 mm/sec isomer shift doublet of
crystalline olivine would appear. Since the presence of small amounts of
olivine crystallites was confirmed optically, an effort was made to
resolve the low intensity olivine peaks separately from the eight-fold
Fe2 + peaks. Through elaborate use of constraints in the curve-fitting
program, the olivine peaks were placed at their known positions
(Schaefer, 1983), but such fits resulted in poor statistics and
unreasonable parameters for the glass Fe2+ peaks. Furthermore, the area
of the doublet with highest isomer shift is larger (-14% of the total
iron) than the measured 4% olivine in the air-quenched sample, or the
estimated < 10% olivine content observed optically. It might be possible
for the Mossbauer effect to slightly exaggerate the olivine abundance due
to the relatively larger recoil-free fraction of iron in olivine vs. iron
in glass, but the corrected value would only barely accommodate the
observed "olivine" site occupancies (14%) in liquid nitrogen and oil, and
fail to accommodate the 32% seen in brine and water quenches. It is also
possible that the olivine in these samples is some kind of very small or
highly distorted olivine phase, but this is unlikely because the crystals
appear regular under a petrographic microscope and give the expected
lines in x-ray diffraction. The olivines in these synthetic samples
appear to be comparable to those observed in actual Apollo 15 samples
(Basu et al., 1979).
Therefore the assignment of the highest isomer shift peaks to
eight-coordinated Fe2+ seems justified, although the presence of small
amounts of Fe2+ in olivine probably augments slightly the area of this
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set of peaks. Note that only the air-quenched sample lacks 8-fold iron,
allowing clear resolution of the olivine doublet.
The trend toward more peaks with slower quenching can be understood
on the basis of the relationship between molar volume and temperature
shown in Figure 2. Samples which are cooled rapidly pass through the
highest glass transition temperatures. This "freezes in" a glass with a
high molar volume. Slower cooling rates quench in lower molar volumes.
This means that a rapid quench will result in a less dense glass with
(presumably) a more random array of different kinds of sites for iron
cations to occupy (most similar to the original melt). The slower the
quench, the denser the glass, which means that Fe site occupancy will be
increasingly governed by size considerations imposed by the more ordered
glass structure. Because the glass is denser and more ordered, there
will be less deviation in the geometry of the sites, and all the six-fold
Fe2+ sites, for example, will resemble one another. The Mossbauer
spectrum, instead of exhibiting a broad range of randomly distributed Fe
sites, will indicate a set of very similar six-fold sites, distinct from
the set of four-fold sites and the set of eight-fold sites.
Data on the green glass quenches illustrate this trend. The fastest
quenches (brine/ice, water, and butyl phthalate) yield iron distributions
for which only two broad doublets can be resolved in the Mossbauer
spectra, representative of a continuum between four- and six-fold sites
(68-87% of the Fe) and higher coordinated sites (13-32% of the Fe). None
of these spectra could be fitted to more than two doublets; attempts to
resolve three doublets resulted in divergent fits with unacceptably poor
statistics.
The oil and liquid nitrogen quenches yield spectra which show that
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Figure 2. Plot of temperature vs. molar volume for a hypothetical
glass. V1, V2 , and V3 show increasingly larger molar volumes (which are
the result of increasingly rapid cooling rates) at room temperature (TO).
Rapidly-cooled glasses have the highest molar volumes and are probably
the closest analogs to their original melts. Slowly-cooled glasses are
denser and more ordered structurally.
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the glass is more ordered and less random. Three types of Fe sites can
now be resolved representing four-, six-, and eight-fold coordinations.
No longer does a continuum of different sites exist between four- and
six-fold coordinations; instead the glass is sufficiently ordered to
permit resolution of sharp arrays of sites for each coordination,
represented by separate (but still pseudo-Gaussian) doublets in the
spectra.
Four doublet fits were resolved for glass quenched in the least
effective media: the in-furnace and air quenches. In these samples the
cooling process was so slow that the glass had time to become highly
ordered and relatively dense (Figure 2). In the furnace-quenched glass,
eight-, six-, and four-fold Fe2+ sites are present and a new site, Fe3+
in six-fold coordination, appears. The Fe3+ (which is formed even in the
highly oxidizing atmosphere at the bottom of the furnace), probably
results from the densification of the glass structure upon cooling.
Since Fe3+ is a smaller ion able to fit better in the denser glass, a
portion of the Fe2+ apparently is oxidized so as to fit more comfortably
in the structure. The fit for the air-quenched sample shows that Fe3+ is
forming at the expense of eight-fold Fe2+ (which is no longer present,
allowing resolution of the crystalline olivine peak).
The observed trend toward higher isomer shifts with slower quenches
probably has two causes: better resolution of the sites as the glass
orders into less overlapping arrays of site types, and a pressure effect
related to increasing density. In the latter case, it is well known in
minerals that cations tend to seek higher coordinations under high
pressures (for example, the pressure-induced coordination increase of Mg
or Fe and Si in pyroxene + garnet + perovskite transformations which are
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important in the mantle). By analogy, Fe ions may be envisaged to favor
higher coordination sites as the glass structure densifies, accounting
for the observed increases in isomer shift with slower quenches (denser
glasses).
Alternatively, the isomer shift increase could simply represent
better-resolved sites in the more ordered glasses. In the brine/ice
quench, for example, one doublet with an isomer shift of 0.978 mm/sec
probably represents an average over the continuum of Fe2+ in four- to
six-fold coordination sites. In the oil-quenched sample, two Fe2+
doublets are resolved, with isomer shifts of 1.023 and 0.938 mm/sec; the
isomer shift appears to increase because the 1.023 doublet is no longer
averaged with the 0.938 doublet.
Probably some combination of improved site resolution and an
increased density effect is responsible for the observed isomer shift
increases.
Brown Glass
Results of quench experiments on the brown glass show similar trends
to those for the green glass. However, the different composition appears
to cause more rapid ordering during quenching. Because the green glass
experiments were so extensive, it was considered sufficient to use only
three representative quench media for the brown glass composition:
brine/ice (very rapid quench), silicone oil (intermediate), and air (slow
quench). Mossbauer parameters are summarized in Table 3 and spectra are
shown in Figure 3.
The brine/ice-quenched brown glass was fit to only two doublets,
although the presence of 3% excess area in the lower velocity peaks
Table 3. Mossbauer Parameters for Brown and Orange Glasses Quenched into Different Media
Orange Glass
Quench Medium
Brine/
Ice S.D.* Oil S.D.* Air S.D.*
Bri ne/
Ice S.D.* Oil S.D.* Air S.D.*
tI.S. Doublet
§Q.S. Doublet
% Area "
I.S. Doublet
Q.S. Doublet
% Area "
I.S. Doublet
Q.S. Doublet
% Area "
X2 of fit
§§% Misfit -0.058 (-0.021) -0.017 (-0.010) -0.252 (-0.060)
*S.D. = standard deviation of the individual parameter.
0.116 (0.022) 0.167 (0.037) 0.066 (0.025)
See Dyar [1984] for details.
tI.S. = isomer shift of doublet, relative to the midpoint of a metallic Fe foil.
§Q.S. = quadrupole splitting.
§§ See Ruby [1973] for details.
Brown Glass
1.148
2.256
31
1.035
1.761
69
(0.020)
(0.039)
(8)
(0.011)
(0.052)
(8)
1.108
2.117
56
0.922
1.702
37
0.288
0.233
6
(0.001)
(0.001)
(1)
(0.001)
(0.001)
(1)
(0.001)
(0.000)
(0)
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Figure 3. Mossbauer spectra of the brown and orange glasses
equilibrated at 1290 0 , f 02 = 10-10-2 and quenched into brine/ice,
silicone oil, and air. Horizontal axis is in mm/sec; vertical axis is %
transmittd gamma rays. Fe3+ is present in the brown glasses but not in
the Ti3+-rich orange glass.
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suggests a third iron-bearing site (probably Fe3+ ) which was not resolved
within the errors of these measurements. Since this sample was rapidly
quenched, a random distribution of iron was expected. As shown in
Table 3, the doublets both appear to have averaged isomer shift values:
the 1.148 mm/sec doublet representing a continuum between six- and
eight-fold Fe2+, and the 1.035 mm/sec doublet showing the gradation
between four- and six-fold Fe2+.
Mossbauer parameters for the silicone oil quenches are significantly
different. Here a doublet with an isomer shift of 0.288 mm/sec (Fe3+ )
appears, presumably at the expense of eight-fold Fe2+ which is no longer
observed. This is exactly analogous to the presence of Fe3+ in the
air-quenched green glass. Apparently the denser glass (oil is a less
effective quenchant; therefore it yields a lower molar volume glass)
forces Fe2+ ions, which desire large sites, to forsake eight-fold
coordination and shed an electron so as to move to an Fe3+-sized site.
The remaining two peaks in the spectrum of the oil-quenched sample
show that the four- to six-fold Fe2+ doublet is now more ordered,
allowing two distinct doublets to be resolved in its place. The bulk of
the Fe2+ (56% of the total iron) seems to prefer six-fold coordination
(1.108 mm/sec isomer shift); 37% of the total iron now occupies four-fold
coordination (0.922 mm/sec isomer shift).
The air-quenched glass is the densest sample studied; here the Fe
ions appear to be seeking higher coordination sites as a result of the
ordering in the glass. Fe3+ is observed now in six-fold coordination
(roomier than the four-fold sites). Eight-fold Fe2+ is once again
present, and a four- to six-fold Fe2+ doublet is again resolved. It
would have been more appropriate in the model to have resolved separate
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four- and six-fold peaks, but the improvement of such fits was not
statistically significant. However, the overall trend of higher
coordination in this dense glass is clearly demonstrated.
Orange Glass
The same three media (brine/ice, silicone oil, and air) used in the
brown glass study were also used to quench glasses with the orange glass
composition, but with less dramatic results. The orange glass has
significant amounts of Ti0 2 (9.04 wt.%), leading to the formation of
some Ti3+ samples equilibrated in reducing atmospheres; Ti3+ appears to
occupy sites which would otherwise be filled by Fe3 + . As a result,
Mossbauer spectra of the orange glasses (Table 3 and Figure 3) show only
Fe2 + in an apparently rigid glass structure. However, the data do show
some indication of the trends observed for the green and brown glass
compositions: isomer shifts of the Fe2 + doublets appear to increase
slightly as the quench medium decreases in efficiency. In addition, all
the orange glasses contained small amounts (< 2%) of ilmenite crystals,
with Mossbauer parameters of 1.060 mm/sec isomer shift and 0.678 mm/sec
quadrupole splitting. However, the ilmenite proportions are only just
barely within the detection limits of Mossbauer spectroscopy, and peaks
due to Fe2+ in ilmenite are not included in the plots shown.
Discussion
The molar volume effect shown in Figure 2 is evidenced by the
overall increase in iron coordination number and/or isomer shift with
slower quenches. Apparently the glass density can even control iron
valency, because Fe2+ can be converted to Fe3+ in the densest glasses.
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Glass composition is also an important factor in determining iron
site occupancy. In the orange glass, for example, the presence of Ti3+
appears to preclude formation of Fe3+ (Dyar and Burns, 1981). Close
inspection of Table 1 shows that the brown glass composition has less
MgO, but more CaO than green glass. Ca is a significantly larger ion
than Mg, so that overall the divalent cations (other than Fe) in the
brown glass are somewhat larger than those in the green glass. Perhaps
this explains why the high eight-fold Fe2+ sites are dominant in only the
green glass; those larger sites may be filled by Ca2+ in the brown glass.
Clearly, composition has an influence on the behavior of iron in these
glasses.
This work has major implications for studies of lunar-analog
glasses. Direct structural comparisons between lunar glasses and their
synthetic counterparts cannot be made unless attention is paid to the
quench conditions of the synthetic phases. Only carefully-quenched
samples should be used to draw conclusions about the structural
characteristics of glasses and their contribution to remote-sensed
reflectance spectra.
In the broader scale of petrological problems the results described
in this chapter emphasize the significant structural changes which may
occur in the time period while a sample is being quenched. Any glass
property which is related to molar volume can be influenced by quench
media to some degree. This study has shown that cation site occupancies
are particularly vulnerable. In the range of compositions studied here,
there can be no doubt that the glasses vary structurally with quench
media.
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Appendix
An interesting sideline to the work presented in this chapter lies
in the application of Mossbauer data on Fe site distributions to the
study of speciation of Fe cations in a melt. For example, five of the
quech media used on the green glass composition yielded glasses in which
only Fe2+ was detected. The Fe2+ is distributed in three types of sites
corresponding to 4-, 6-, and 8-fold coordination. Thus, an equilibrium
reaction between these species in the glass can be written:
(Fe04) 6- + (Fe08)14- +-+ 2(FeO 6 )10 -
An equilibrium constant, Kquench, can be described by:
(Fe06)2
Kquench ------------
(Fe04)(FeO8 )
The data from Table 2 for brine/ice, H20, butyl phthalate, oil, and
liquid nitrogen quenches can be applied to such an expression if the 4-,
6-, and 8-fold Fe2+ populations can be resolved. In some cases, one
doublet spans a range of coordinations corresponding to both 4-and 6-fold
coordinated Fe2+; it is then necessary to estimate relative amounts of
each distinct coordination on the basis of isomer shift. For example,
doublet 2 of the butyl phthalate quench (green glass) has an area
corresponding to 87% of the total iron in the sample. It has an isomer
shift of 1.006 im/sec, approximately on the borderline between 4-fold and
6-fold Fe2+ isomer shifts. For the purposes of the equilibrium reaction,
half the area can be said to represent 4-fold Fe2+ and half to 6-fold
Fe2+. Such approximations can be made for all five green glass samples,
and Kquench can then be calculated as follows:
314
Quench % Fe2+ in: 8-fold 6-fold 4-fold Kuench
Medium
Brine/ice 32 20 48 0.26
H20 32 34 34 1.06
Butyl phthalate 13 44 43 3.46
Oil 15 35 50 1.63
Liquid nitrogen 14 25 61 0.73
Of course, many assumptions (such as those regarding distribution of
area to the different unresolved coordinations) must be made to
accomodate this type of calculation. However, if the partitioning
between sites was more clear-cut, this method might have great potential
for describing the behavior of Fe cations in a glass.
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Abstract
The effect of quenching method on Fe3+/Fe 2+ ratios in three silicate
glasses has been studied using natural rock compositions (U.S.G.S. rock
standards basalt BCR-1 and rhyolite RGM-1 and an andesite K-2B from
Dennison Volcano, Alaska). Samples were equilibrated at high
temperatures and then quenched into an air jet, an H2 -Ar jet, or a
brine/ice bath. The glasses were analyzed by both Mossbauer spectroscopy
and a micro-colorimetric technique to compare the results from these
commonly used methods for ferrous-ferric iron determinations. Both of
these methods obtain Fe3+ estimates by difference, resulting in
relatively large uncertainties (3% for Mossbauer spectroscopy and up to
8% for colorimetry). Within these uncertainties estimates of Fe3+/Fe 2+
ratios determined by Mossbauer spectroscopy and micro-colorimetry are the
same. None of the quenching methods used were observed to affect
Fe3+/Fe2+ ratios. However, the three quenching media used were observed
to produce significantly different partitioning of Fe2+ among tetrahedral
and octahedral structural sites in the basalt glasses. The highest
cooling rate (brine/ice bath) yielded the largest tetrahedral Fe2+
values. No observable effects of quenching rate were measured with the
other glass compositions investigated.
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Introduction
Iron redox equilibria are of fundamental importance in studies of
magmatic liquids because of the different structural settings occupied by
Fe2+ and Fe3+ in a silicate melt. Ferrous iron is often considered to be
a network modifier, while ferric iron may act either as a modifier or as
a network former (Mysen et al.. 1984). The proportions of Fe3+ and Fe2+
in a melt are affected by the composition, pressure, temperature and
oxygen fugacity of the system. Some important petrogenetic processes
that may be significantly influenced by the Fe3+/Fe 2+ ratio of the melt
are crystallization sequence (Hill and Roeder, 1974), liquid
fractionation (Osborn, 1959) and liquid immiscibility (Naslund, 1983).
Clearly the ability to determine Fe3+/Fe 2+ ratios in a consistent manner
is important to the study of magmatic processes.
Much of our understanding of magmatic systems is based on
experimental studies. Therefore it is necessary to develop an
understanding of the experimental processes which affect the Fe3+/Fe 2+
ratio. Determinations of Fe3+ and Fe2+ in silicate glasses are typically
done either by Mossbauer spectroscopy or by wet chemical techniques. It
is important to show that these two analytical techniques yield
equivalent results in order to compare experimental results from studies
that use either of these analytical methods. Another potential problem
in ferric-ferrous iron studies of glasses is the possibility that changes
occur during the quench from the liquid to the glassy state. Previous
studies of analogue lunar glasses have shown that quenching techniques
may have a profound effect on iron site partitioning and the redox ratio
of some synthetic glasses (Dyar and Birnie, 1984; Dyar, 1984). The
presence/absence of Fe3+ in these low-Ti synthetic glasses can be
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predictably altered by manipulation of quench medium. It seems essential
to evaluate these effects in a series of glasses produced by melting
natural rocks.
The aims of this study are: (1) to determine if quenching media
affect iron partitioning in glasses quenched from "natural" compositions,
and (2) to compare the results of Mossbauer spectroscopy with wet
chemistry (micro-colorimetry), in order to evaluate the strengths and
limitations of each method.
Experimental Procedure
Quenching experiments with three silicate liquids derived by melting
natural volcanic rocks were conducted at 1343 0C, and log oxygen fugacity
(log f02 ) = -7.83. Starting materials consisted of crushed basalt
(U.S.G.S standard rock BCR-1, Flanagan, 1967), andesite (K-2B, Kienle
et al., 1983), and rhyolite (U.S.G.S. standard rock RGM-1, Tatlock
et al., 1976). Compositions are given in Table 1.
Samples were prepared using the "platinum loop" technique described
by Donaldson et al. (1975). Approximately 100 mg of powdered rock were
pressed into a pellet 5 mm in diameter and 3 mm thick. Samples were
attached to loops of platinum wire (0.20 mm dia.) using a filament wire
heater, before being suspended in the hot zone of C02-CO gas-mixing,
vertical tube furnace. The mass of platinum in contact with the sample
was approximately 9 mg (mass ratio sample/Pt ~10). Two 100 mg pellets
were used in each experiment to assure an adequate amount of iron was
available for Mossbauer spectroscopy. Each 100 mg pellet was suspended
from a separate wire in the furnace; however in one case the two pellets
became fused together. The furnace design is similar to that described
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Table 1. Glass Compositions
Rhyolitel Andesite 2 Basalt 3
Si0 2
A1203
Fe203
FeO
Mg0
CaO
Na20
K20
Ti 02
P205
MnO
73.43
13.76
0.50
1.24
0.29
1.16
4.19
4.34
0.26
0.05
0.04
Total: 99.26
62.91
15.63
1.92
3.95
2.70
5.80
3.45
1.83
0.62
0.12
0.11
99.04
54.50
13.61
3.68
8.80
3.46
6.92
3.27
1.70
2.20
U.36
0.18
99.68
3 U.S.G.S. rock standard BCR-1 (Flanagan, 1967)
1 U.S.G.S. rock standard RGM-1 (Tatlock et al., 1976)
2 Kienle and Swanson (1983)
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by Williams and Mullins (1975, 1976). Two bare-wire Pt/Pt-1ORh
thermocouples were used to monitor furnace temperature. One of these
thermocouples measured temperature on the 02 reference side of a
calcium-stabilized zirconium oxide cell (Williams and Mullins, 1976).
The zirconia electrolyte was used to monitor oxygen fugacity in the hot
zone of the furnace. The second thermocouple was placed in a multibore
A1203 insulator employed to suspend samples in the furnace. This hot
junction was less than 1 cm from the sample. Thermocouples in their
normal experimental configuration were calibrated frequently against the
melting points of Ag(961.930 C), Au(1046.430C) and Ni(1455 0C).
Temperature measurements are precise to ±0.20 C and are believed to be
accurate to better than ±3.00C. Thermocouple drift between calibrations
was always observed to be less than ±50C.
The solid electrolyte oxygen fugacity sensor was calibrated by
observing the formation and disappearance of an oxide coating on pieces
of Ni foil suspended in the normal sample position. The emf values
observed over the temperature range 1000 to 1300 0C deviated from the
predicted output (Sato, 1971) by less than ±10 my (±0.1 log f02 units).
Each silicate melt composition was subjected to three quenching
methods: (1) withdrawal of the silicate liquid droplet from the furnace
into the path of a filtered air jet; (2) withdrawal from the furnace into
a filtered H2-Ar gas jet; and (3) dropping the sample (without exposure
to air) into a NaCI-ice brine.
Mossbauer Spectroscopy
Mossbauer spectra were recorded on a constant acceleration ASA
spectrometer using a 70-80 mCi 57Co in Pd matrix source. Velocity was
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calibrated relative to the spectrum of iron foil, using current peak
positions provided by the Mossbauer Effect Data Center (John G. Stevens,
personal communication, 1984). Mossbauer spectra were fit to a sum of
Lorentzian/Gaussian combined line shapes (see Dyar, 1984a for details) by
means of a Gauss non-linear regression procedure, using the capability to
constrain any set of parameters or linear combination of parameters as
provided by the program STONE (Stone et al., 1984).
Dissolution
Portions of the samples used for Mossbauer studies were analyzed by
a wet chemical technique. A modified version of the micro-analytical
colorimetric method developed by Wilson (1960) for ferrous iron
determination in silicate minerals and rocks was used in this study. A
weighed aliquot of powdered glass (25 to 40 mg) was placed in a
12 x 75 mm polypropylene test tube together with 1 ml of concentrated
hydrofluoric acid (48%) and 0.1 to 0.3 ml of 0.139M V(Y) (as NH4 VO3 in 1M
H2S04 ) solution. The V(-) was added to provide an excess of the amount
needed for the reaction:
V02+ + 2H+ + Fe2 + = V02 + + H20 + Fe3+  (1)
The test tube was then capped and the contents agitated before allowing
to stand for 15 to 20 hrs at room temperature. After dissolution, 3 ml
of 10ON H2SO4 was added to the contents of the test tube to dissolve any
fluoride precipitates that may have formed. The resulting solutions
were diluted with H20 to a total volume of 25 ml.
Ferrous Iron Determination
Aliquots for colorimetric analysis were taken from the 25 ml of
325
solution using disposable tip transfer pipettes. Crystalline boric acid
was added to the aliquot (0.5-1.0 gm, enough to maintain a saturated
solution) together with 2 ml of 0.25% 1,10 phenanthroline indicator
solution (1.01 gm in 100 ml CH30H diluted with H20 to 400 ml total
volume). Boric acid was used as a substitute for the beryllium sulphate
used in Wilson's (1960) procedure. This solution was continuously
stirred while adding saturated (ammonium) acetate buffer to bring the
solution to pH 5, promoting development of the colored Fe-phenanthroline
complex. This procedure takes advantage of the pH sensitivity of
reaction (1) above. Raising the pH reverses reaction (1) and regenerates
the Fe2+ content of the rock. The pH was readjusted to 4 using 6N HC1
before transferring to a 25 ml volumetric flask and diluting with H20 to
volume. The absorbance (optical density) of this solution was measured
at 525 nm using a Bausch and Lomb Spectronic 710 spectrophotometer. This
analysis was repeated using a separate aliquot of solution.
Total Iron Determination
Another aliquot was taken from the dissolved sample and treated in
the same manner with one exception. Before adding the boric acid and
indicator solution as described above, an excess amount of V(IY) solution
(0.1 to 0.3 ml as VOC1 2) was added to the sample. When the pH is
adjusted with the acetate buffer, enough V(_I ) is present to reduce all
of the iron in solution to Fe2+ (reaction (1)). The solution is then
treated in the same manner as described for ferrous iron analysis. This
analysis was also repeated using a separate aliquot of solution.
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Results
Mossbauer spectra: changes with quench media
Mossbauer spectra were taken of all nine samples: three different
compositions, each quenched into three different media. Results are
shown in Figures 1-3; Mossbauer parameters are tabulated in Table 2. All
values in Table 2 are referenced to the midpoint of a metallic iron foil
spectrum. Standard deviations as listed refer only to errors in the
curve-fitting procedure (related to counting statistics). The total
error in these measurements, considering the sum of counting statistics,
long term drift, peak overlap, and uncertainty in the model, is probably
more than 0.02 mm/sec for isomer shift, 0.06 mm/sec for quadrupole
splitting, and 1-2% for % area data (see Dyar, 1984b for details). These
errors must be considered when evaluating the Mossbauer results.
Both x2 and Misfit values are also tabulated for each fit given in
Table 2. For a 512 channel spectrum (approximately 502-509 degrees of
freedom), x2 ranges from 391 to 1047. However, x2 values over such a
large range suggest that x 2 is being unduly influenced by the magnitude
of baseline counts; good values of x2 can be very misleading because they
may represent fits with large error bars on the data. Therefore a value
for Misfit (Ruby, 1973) is listed, allowing evaluation of different
spectra irrespective of the magnitude of their baselines. Misfit is
optimal when it is close to zero. The error on the Misfit parameter can
be called the "uncertainty" of the fit; it measures the uniqueness of the
fitting results, and is also optimal when closest to zero. It is
generally desirable to keep both Misfit and its "uncertainty" below 1.
There is no significant variation in values of isomer shift and
quadrupole splitting (Table 2) in each of the compositions studied, with
Table 2. Mossbauer Parameters for Glasses
~Fe2+oc t  ~Fe2+tet
Sample Quench Medium I.S. 1 Q.S. 1 % Area I.S. 2 Q.S. 2 % Area x2  % Misfit
Basalt glass Brine/Ice 1.16 2.00 54 0.89 1.77 46 906 0.29
Standard Deviation (0.007) (0.009) (1.6) (0.008) (0.010) (1.6) (0.29)
H2 -Ar Jet 1.14 1.99 59 0.86 1.75 41 1047 0.47
Standard Deviation (0.006) (0.008) (1.5) (0.009) (0.011) (1.5) (0.04)
Air Jet 1.13 1.98 64 0.84 1.76 36 1013 0.25
Standard Deviation (0.004) (0.005) (1.1) (0.007) (0.009) 1.1) (0.02)
Andesite Glass* Brine/Ice 1.11 1.97 27 0.94 1.63 73 391 -0.17
Standard Deviation (0.007) (0.013) (2.5) (0.019) (0.037) (2.2) (-0.03)
H2-Ar Jet 1.08 1.92 10 0.80 1.35 90 667 0.41
Standard Deviation (0.007) (0.016) (2.6) (0.031) (0.064) (2.2) (0.07)
Air Jet 1.09 1.97 29 0.96 1.706 71 404 -0.15
Standard Deviation (0.009) (0.016) (2.2) (0.014) (0.029) (2.0) (-0.03)
Rhyolite Glass Brine/Ice 1.04 1.66 100 593 0.17
Standard Deviation (0.007) (0.008) (1.2) (0.04)
H2 -Ar Jet 1.05 1.71 100 862 0.65
Standard Deviation (0.006) (0.008) (1.0) (0.06)
Air Jet 1.05 1.70 100 473 -0.19
Standard Deviation (0.008) (0.011) (1.7) (-0.06)
* Due to poor statistics on four-peak fits, three-peak fits are tabulated. Doublet 1 pairs peaks 1 and 2; doublet 2
pairs peaks 1 and 3.
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Figure 1. Mossbauer spectra of the basalt composition equilibrated
at 13430C, log f02 = -7.85, and quenched into an air jet (A), H2-Ar jet
(J), and a brine/ice bath (B). Note the change in relative peak areas
between samples; the doublet with the higher (Fe2+ in 6-fold) isomer
shift is largest in the air-quenched sample. This is in keeping with the
theory that iron has a preference for higher coordination sites in denser
(slowly cooled) glasses.
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Figure 2. Mossbauer spectra of the andesite composition
equilibrated at 13430C, log f02 = -7.85, and quenched into the three
media. Note that the H2-Ar jet-quenched sample (J) has a significantly
smaller middle peak than the other two quenches, suggestive of a possible
contribution from Fe3+ which may have resulted from the larger volume of
this sample when it was quenched.
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Figure 3. Mossbauer spectra of the rhyolite composition
equilibrated at 1343 0C, log fo02 = -7.85, and quenched into the three
media. Due to the low iron concentration of this composition, Mossbauer
spectra were difficult to obtain and resolution was relatively low. No
significant structural variations were observed as a function of quench
media.
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one exception. The andesite glass quenched in the H2-Ar jet does show
distinctively different values for isomer shift and quadrupole splitting
in the second doublet. The lower isomer shift range suggests that the
second doublet may contain a contribution from ferric iron. As discussed
in Dyar and Birnie (1984), Fe3+ is sometimes present in slowly cooled
samples, even when equilibrated at low oxygen fugacities. This implies
that the andesite quenched in H2-Ar cooled more slowly than its
counterparts in air and brine/ice. Why should this be? Recall that in
the furnace set-up it is sometimes possible for the two 100 mg pellets to
become fused together; this makes a larger volume of melt to be quenched.
Because cooling rate is controlled by the rate at which heat can diffuse
out of the sample and be carried away by the quench medium, a larger
volume of sample will cool more slowly than a sample half its size. The
Mossbauer data are consistent with the fact that the andesite as quenched
by the H2-Ar jet was two pellets fused together. This accounts for the
observed lower isomer shift and quadrupole splitting in this sample.
Relative peak positions in the different spectra remain generally
constant within the resolution of the technique. However, there is
significant variation in peak areas, especially for the basaltic glasses.
The ratio of Feoct2+/Fetet 2+ increases as the quench medium changes from
brine/ice to H2-Ar to air. Heat transfer coefficients probably increase
as the quench media changes from brine/ice to H2-Ar to air (Birnie and
Dyar, 1985). There appears to be a link between preference for six-fold
coordination and the slower quenches in gas jets. This is not surprising
in light of the known relationship between molar volume and cooling rate:
rapid quenches result in higher molar volumes, contrasted with slower
quenches which yield denser glasses (Kingery et al., 1976). This effect
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is observed in high pressure mineral phases such as garnets: cations
seek higher coordinations under high pressure. Therefore the basalt
glass behaves predictably when quenched into the three media: more
six-fold iron is observed in slowest quenches (densest glasses).
This phenomenon also explains why the presence of Fe3+ can be
anticipated in the large volume-andesite sample quenched into H2 -Ar.
This "slowest-cooled" sample would be the densest glass measured. In
such glasses it is hypothesized that size considerations force some of
the Fe2+ to become oxidized to a smaller Fe3+ ion, in order to better fit
in a denser glass. This effect has been observed with Fe2++Fe 3+ in
synthetic lunar-analog glasses (Dyar, 1984a).
No significant change in % area data is observed in the other
andesite and rhyolite glasses, probably because the diffusion kinetics of
these high silica content glasses are much more sluggish.
Mossbauer vs. micro-titration: Fe3+/EFe ratios
Table 3 shows a comparison between Mossbauer results and
micro-colorimetric analysis for Fe3+/total Fe ratios in the samples. As
is obvious from Table 2, the Fe3+ peaks were impossible to resolve
uniquely in the Mossbauer spectra; this is caused by the increased "width
at half peak height" of the peaks and by their somewhat Gaussian curve
shape (i.e., the peaks have broader shoulders). Both of these features
are common in spectra of glasses; they make it difficult to determine
Fe3+ content directly, unless the Fe3+ peaks are positioned fortuitously
on the shoulders of Fe2+ peaks. However, in cases where only small
amounts of Fe3+ are present, it is possible to determine Fe3+ content
indirectly, by fitting one unconstrained peak to each half of the
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Table 3. Comparison of Mossbauer with Micro-Colorimetry
Sample Quench Media % Fe3+(Moss)t % Fe3+(M.t.)*
Basalt BCR-1 Brine/Ice Bath 2-8 8-6
Basalt BCR-1 H2-Ar Jet 6-12 9-12
Basalt BCR-1 Air Jet 4-10 9-8
Andesite K-2B Brine/Ice Bath 8-14 15-10
Andesite K-2B H2 -Ar Jet 7-13 11-12
Andesite K-2B Air Jet 6-12 9-11
Rhyolite RGM-1 Brine/Ice Bath 6-12 22-31
Rhyolite RGM-1 H2-Ar Jet 4-10 16-16
Rhyolite RGM-1 Air Jet 5-11 20-19
t Fe3+ values are determined by difference between upper and lower
velocity peaks in the Mossbauer spectra. Errors on %Fe3+ are
approximately + 3% of the total Fe.
* Errors on wet chemical data are ~8% for the high Fe basalt and
andesite and -~16% for rhyolite.
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Mossbauer spectrum. Because Fe3+ doublets generally lie in the lower
velocity region of the spectrum, the low half of the envelope will often
have an increased area due to contributions from the masked Fe3+ doublet.
Therefore it is possible to determine Fe3+ content by difference, simply
by subtracting the area of the high velocity peak (where no Fe3+ peaks
lie) from the larger, low velocity peak (Fe2+ plus both Fe3+). Of
course, this procedure assumes that the upper and lower velocity Fe2+ are
symmetric; some workers would disagree (e.g. Mao et al., 1973; Mysen and
Virgo, 1978; Levitz et al., 1980). However, observed asymmetries are
generally <5% of the % area data and as such are within the overall error
of the measurement (note that the precision of the Fe3+ Mossbauer data is
±3%). Also, unless the symmetry of Fe2+ peaks is assumed, it is
impossible to obtain Fe3+ numbers for these samples. Therefore the
difference method has been used to obtain the Mossbauer values in
Table 3; note that the estimated uncertainty in these values is large.
Perhaps the contribution from Fe3+ is also affecting the Mossbauer
parameters listed in Table 2; however since the Fe3+ peaks cannot be
distinctly resolved, their effects on the Fe2+ are difficult to assess.
Micro-Colorimetry: Experimental Errors
Analysis of unreacted standard rocks (U.S.G.S. BCR-1 and RGM-1) were
performed using the methods previously described to provide a check on
our analytical technique and an estimate of analytical error. In this
manner the total effect of all procedural errors (i.e., weighing, pipette
transfer, volumetric glassware, Fe solution standard preparation, non-
linearity of spectrophotometer) and solution chemistry interferences
(i.e., complexation or adsorption of Fe by fluorides, redox of Ti, V, and
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Mn) can be estimated. Whipple (1974) provided an extensive discussion of
the factors affecting the accuracy of Wilson's (1960) method. The
average of these analyses are shown in Table 4.
The discrepancies between mean values for Fe2 + and Fe total
determined for these standard rocks and the accepted U.S.G.S. values are
less than 3%. Individual analyses differ from the accepted values by up
to 4%. Fe3+ is determined by difference and therefore can be expected to
exhibit the largest errors. The mean values for Fe2 03 determined in this
study are highest for BCR-1 (8%) and lowest for RGM-1 (4%). Individual
determinations differ by up to 15% and 6% respectively. Clearly the
ferric iron determinations are the least accurate measurements. This
poor precision is of particular concern when ratios of Fe3+/Fe 2+ or
Fe3+/Fe (total) are calculated. Errors can be very large for analyses of
reduced glasses, as is the case for the glasses synthesized for this
study, because the proportion of Fe3 + is small. Reducing conditions were
desired in this study to produce Fe2+-rich liquids that could be used to
test the effects of the quenching phenomena observed by Birnie and Dyar
(1985) in analogue lunar glasses.
Discussion
Given that the errors in both types of measurements are
considerable, it is probably fortuitous that the figures in Table 3
actually come so close to agreement when reasonable error limits are
applied. The agreement is even more remarkable when the limitations of
the techniques are discussed on a broader scale.
In general, there are four basic difficulties to be considered when
interpreting the Mossbauer spectra of glasses:
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Table 4. Results of Micro-Colorimetry
Fe2+ as FeO Fe Tot. as FeO Fe3+ as Fe203(by difference)
Basalt BCR-1
U.S.G.S.
This Study
8.80
8.75
8.72
8.80
9.08
12.11
12.29
12.54
12.42
12.42
3.68
3.93
4.25
4.02
3.71
Mean and S.D.
Rhyolite RGM-1
U.S.G.S.
This study
8.84 (0.16)
1.24
1.19
1.20
1.24
1.24
12.42 (0.10)
1.69
1.63
1.62
1.67
1.68
3.93 (0.22)
0.50
0.49
0.47
0.47
0.49
1.22 (0.03) 1.65 (0.03)
--
0.48 (0.01)Mean and S.D.
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1. The recoil-free fraction for iron in glasses is poorly
understood. In some minerals, such as garnets, the line
strength of Fe3+ is approximately 29% greater than that of Fe2+ (Whipple,
1974). In such minerals the Fe3+ is held more rigidly in its site, such
that more of the Fe3+ atoms recoil than do Fe2+. The resultant
Mossbauer spectrum appears to have more Fe3+ than is actually present.
Fortunately, in most minerals this process is well-understood and can be
corrected for. Unfortunately, little is known about the relative
recoil-free fractions of Fe2+ and Fe3+ in glasses.
2. Lack of independent constraints on Mossbauer fitting has also
hampered the application of Mossbauer spectroscopy to glasses. In
mineralogical applications it is frequently possible to make logical
assumptions about a spectrum based on independent evidence from X-ray
data and/or crystal structure refinements. With glasses this is
impossible. The lack of corroborating evidence for Mossbauer-generated
structural assignments also makes the technique vulnerable to
overinterpretation, because no other evidence is available to contradict
Mossbauer values for site populations.
3. The possible existence of single Fe3+ peaks has not yet been
considered sufficiently. The quadrupole splitting phenomenon which
creates Mossbauer doublets is not ubiquitous; it arises partly from the
asymmetry of the localized electronic configuration of the ligand
environment, and partly from the asymmetric electron distribution in
orbitals. An iron atom situated in a perfect cubic symmetry site will
have an unperturbed ligand environment; its Mossbauer spectrum will
consist of a single peak. It can be postulated that regular Fe3+
polyhedral environments do exist in glasses; therefore the presence of
341
singlets in spectra might be suspected. To date, singlet peaks have not
been considered in the literature (see Dyar, 1985).
4. Samples with low total iron concentrations are often difficult
to analyze. A typical Mossbauer apparatus is set-up with gamma rays
passing through a sample embedded in a low atomic number (zero Fe)
matrix; the amount of sample used is usually based on an ideal situation
of 7 mg FeO/cm2 of the sample holder (Dyar, 1984b). When a sample has
very low total iron content, it sometimes becomes impossible to pack
enough sample in the holder to attain the "ideal situation;" the large
amount of mineral also absorbs (and blocks) the gamma-ray transmission.
When less than 7 mg FeO/cm2 are used, the quality of the spectrum
deteriorates in a predictable manner (Dyar, 1984b) because the sample has
to be run longer. This situation can be improved by using a Mossbauer
source with a very high gamma ray flux, so the sample stays on the
spectrometer for only a short amount of time (thus optimizing counting
statistics while minimizing the contribution of electronic drift). It is
also possible to dope a synthetic composition with enriched Fe57 to
improve spectral quality. However, since the cost of a 100 mCi source is
~$6,000 and enriched Fe57 runs up to $15/mg, such procedures are not
always used. Consequently, there can be considerable disagreement
between Mossbauer and wet chemistry for low iron samples.
Existing wet chemical (micro-colorimetric) techniques provide an
economical, yet time-consuming (and destructive) method for measuring
Fe3 + and Fe2 + in homogeneous silicate glasses. The problem presented by
determining Fe3+ by difference is shared with Mossbauer spectroscopy
methods for low Fe, high Si compositions of geologic interest. The poor
precision of wet chemical Fe3 + measurements is disconcerting, but is of
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particular concern in reduced specimens containing small amounts of
ferric iron. In these cases the Fe3+ values or calculated ratios (i.e.,
Fe3+/Fe2 + or Fe3+/Fe total) can have very high uncertainty (50-100%).
This is not a trivial problem in experimental studies requiring reducing
conditions. One particular application for which this could present a
problem is in the calculation of magmatic f02 values from volcanic glass
compositions. A 10% change in the ratio Fe3+/Fe 2+ changes the f02
estimate calculated by the method of Kilinc et al. (1983) by one log
unit.
Conclusions
Previous work on smaller dimension glass samples has shown that
Fe3+/Fe2 + ratios and Fe site occupancies may be significantly affected by
quench processes. In this study, the basalt samples again showed a
strong correlation between quench rate and Fe2+ site occupancies. The
brine/ice bath, the most efficient quenching medium tested, yielded
samples with up to 46% of the Fe2+ in four-fold sites. The H2-Ar jet is
slightly less efficient, and produced 3-10% less Fe2+ in four-fold sites.
The air jet is the poorest medium tested, producing glasses with the most
Fe2+ in six-fold sites. These trends may be predicted from the known
relationship between temperature, cooling rate, and molar volume:
rapidly (brine/ice) cooled glasses are most random and least dense, while
slowly (air) quenched samples are relatively more ordered and dense.
Changes in site sizes and geometries in the densest glasses may cause
Fe2+ to preferentially occupy six-fold sites.
The observed correlation between quench medium and Fe site occupancy
is not apparent in the rhyolite and andesite glasses. The rhyolite
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samples were too Fe-poor to enable detailed Mossbauer spectra to be
measured satisfactorily, however the basic fits showed no changes among
the samples. The H2-Ar jet-quenched andesite sample showed a significant
proportion of lower-coordinated Fe2+, probably due to an increased Fe3+
contribution to the lower velocity peak of that doublet.
Comparison of results from Mossbauer spectroscopy and
micro-colorimetric determinations of the ferrous and ferric content of
glasses produced by quenching melts of three "typical" volcanic rock
compositions indicates that significant analytical uncertainties are
associated with Fe3+ values obtained from either method. However, within
this analytical uncertainty the two methods yield the same value.
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CHAPTER 9
Summary and Suggestions for Future Work
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The precision and reproducibility of the Mossbauer technique have
only just begun to be assessed; the work presented in Chapter 2 just
scratches the surface. The uniqueness of fits which involve overlapping
peaks (such as those of the mica spectra) is poorly understood; at this
point in time our only real recourse for studies of such samples is to
fit multiple samples and strive for consistency over a broad range. Any
single spectrum with heavily overlapping peaks is useless without
corroborating evidence from other similar samples. A comprehensive
interlaboratory study on the statistics of multi-doublet Mossbauer
spectra is sorely needed.
The work in Chapter 2 leaves some other questions unanswered as
well. Curve-fitting routines for spectral deconvolution are highly
variable, running the gamut from the simple Apple computer-based programs
which are sold by the spectrometer manufacturers to the elaborate
routines used at the larger laboratories. How can the effects of
different procedures best be tested? I suspect that the elaborate
routines are always needed for fits of spectra with more than two
doublets, but results of simple fits are unlikely to be much affected by
any approach. The effects of variable recoil-free fractions in different
minerals need to be more carefully evaluated and more universally
employed. Finally, the work in Chapter 2 centers on simple silicates,
where iron cations are coordinated with oxygens. Other coordination
environments, such as those in sulphides, need to be evaluated for their
influences on optimal run conditions. Clearly, Chapter 2 represents only
a beginning in the pursuit of precision in Mossbauer measurements.
Section II (Chapters 3 and 4) is similarly only a preliminary report
on the application of Mossbauer spectroscopy to mica research. The major
drawback of present work is that the samples analyzed are not well
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constrained compositionally or genetically. Fe3+/Fe 2+ ratios in micas
are inexorably tied to composition (particularly F, C1, and OH content
-in addition to major elements) and to the temperature, pressure, f 0 2,
and duration of their formation. Further work is needed on samples where
these variables are better constrained, either on synthetic samples or on
natural micas which have fully-analyzed chemistries and come from
well-constrained assemblages. I believe that exciting results will be
forthcoming if and when it becomes possible to integrate Mossbauer work
with careful chemistry and thorough field work.
The last section of this thesis deals with the most difficult
application of the Mossbauer technique: to a non-crystalline system.
The problems with glass spectra are discussed at length in Chapter 8:
the recoil-free fraction of iron in glass is poorly understood; there is
great confusion in the literature over interpretation of Fe2+ parameters;
there is little independent evidence from other techniques which can be
used to constrain Mossbauer fitting; tne presence of single Fe3+ peaks
needs to be considered; and samples with low total iron concentrations
are difficult to analyze. Despite these problems, Mossbauer spectroscopy
can be used cautiously in applications where relative changes (and not
absolute structural determinations) are desired. Application of the
Mossbauer technique to glass has great potential for enhancing our
understanding of ordering processes in glasses. We only need to figure
out how to interpret the spectra correctly.
In conlusion, I believe that Mossbauer spectroscopy is a viable
technique with tremendous potential for unravelling complicated
structures. As with any analytical procedure, its results need to be
approached with an educated awareness of precision and reproducibility.
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But even with this limitation, the technique of Mossbauer spectroscopy
should continue to produce structural data (which is difficult to obtain
otherwise) with many exciting applications to geological problems.
